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ABSTRACT
ALCOHOL DRIVES OXIDATION-DEPENDENT DESENSITIZATION OF AIRWAY CILIA
MOTILITY RESPONSIVENESS
Michael E. Price Ph.D.
University of Nebraska Medical Center 2018
Supervisor: Joseph H. Sisson, M. D.
Alcohol abuse, which can impair clearance of pathogens and debris from the
airway, is associated with an increase in complications and a higher mortality rate during
the progression of pneumonia. With prolonged alcohol exposure, mucociliary clearance
(MCC), which depends on the coordinated beating of cilia, is dysfunctional. Effective
MCC relies on cAMP-dependent protein kinase (PKA) activation of ciliary beat frequency
(CBF). PKA activation and stimulation of CBF are blunted with chronic exposure to
alcohol. This phenomenon is known as alcohol-induced ciliary dysfunction (AICD).
Previous studies have shown that concomitant feeding of mice with alcohol and
antioxidants prevents AICD, suggesting a key role for oxidant signaling in AICD. We
hypothesized that increased cilia-associated oxidant driven phosphatase activity plays a
key role in the link between alcohol-driven oxidant production and cilia dysfunction. To
test this hypothesis we assessed phosphatase activity and key checkpoints of ciliary
function, such as CBF-and PKA responsiveness in isolated cilia, intact cell, tissue and
animal models of AICD. Alcohol increased S-nitrosation in bronchoalveolar fluid and
protein phosphatase 1 (PP1) activity in tracheal rings from mice drinking alcohol for 6
weeks. Furthermore, alcohol-stimulation of PP1 activity and S-nitrosation persisted at
the tissue, cell and isolated cilia organelle level. Inhibition of PP1 reversed AICD,
demonstrating a key role for PP1 in AICD. Structure based studies indicate that PP1
contains an oxidant sensitive active site. We identified PP1 cysteine 155 (PP1C155) as a
key S-nitrosated residue in AICD and generated and expressed PP1C155 mutants in
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human airway epithelial cells. We then exposed cells expressing mutant PP1 to alcohol
and assessed PP1 activity, S-nitrosation, and responsiveness of PKA and CBF.
Importantly, mutagenesis of PP1C155A prevented PP1 activation, PKA desensitization and
CBF desensitization in the context of alcohol exposure. These studies provide new
evidence that S-nitrosation and activation of PP1 are involved in the signaling
mechanism of AICD in the axoneme and offer new insight to how dysregulation of redox
mechanisms in the axoneme may lead to the mucociliary dysfunction in the context of
alcohol exposure.
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CHAPTER 1 – Introduction
INTRODUCTION OF AIMS AND THESIS
The aim of the thesis therefore was determine the role of alcohol stimulation of nitric
oxide mediated signaling to contribute to ciliary dysfunction. To test the following
hypothesis:

Alcohol-driven nitric oxide-mediated oxidation results in airway motile cilia
dysfunction.

In addition to the hypothesis generated, the secondary aims of the thesis are as follows:
1. Determine the response of axoneme-localized serine/threonine phosphatases to
alcohol.
2. Determine the capacity of alcohol to drive axoneme S-nitrosation.
3. Characterize the signaling function of alcohol-driven S-nitrosation to contribute to
alcohol induced ciliary dysfunction.
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MUCOCILIARY CLEARANCE, MOTILE CILIA AND REDOX SIGNALING
Reduction/oxidation (redox) signaling and stress.
Ambient air comprises 78% nitrogen and 21% oxygen, where oxygen exists as a
diatomic molecule of two atoms of oxygen covalently bound (O2). The electron
configuration of oxygen is such that each oxygen atom of O2 holds a single unpaired
electron (free radical). This electron configuration gives oxygen a special reactivity,
resulting in other atoms or molecules to gain or lose electrons in the presence of oxygen.
These reactions are generally referred to as oxidation/reduction or redox reactions.
Redox signaling refers to the shift of electrons, or change in oxidation states from
one atomic, ionic or molecular species to another. Specifically, an oxidation consists of
an electrophilic species (oxidant) acquiring electrons from a nucleophile (reductant),
leaving the nucleophile in a more oxidized state. The complementary reaction, or
donation of an electron from a nucleophile to an electrophile is a “reduction”. In both
cases, one species is oxidized (loses an electron) and the other species is reduced
(gains an electron). One or two electrons can be transferred resulting in one of three
scenarios: 1) A single electron is transferred, and one or both reactants are left with an
unpaired electron (free radical); 2) a two electron oxidation (predominant), which results
in an oxidized nucleophile plus a neutralized electrophile or; 3) an addition reaction in
which a covalent bond is formed (adduct) between the nucleophile and an electrophile
(example: disulfide, RSSR; or nitrosothiol, RSNO; Figure 1.1).

3

Figure 1.1 Common thiol redox signaling reactions.
A) One electron oxidation of a protein thiol (RSH) by hydroxyl radical (OH•) to form a
thiyl radical (RS•) B) A two electron oxidation of RSH by hydrogen peroxide (H2O2) to
sulfenic (RSOH), sulfinic (RSO2H) or sulfonic (RSO3H) acids. C) Adduction of a thiyl
radical with a thiyl radical or nitric oxide (•NO) to form a disulfide (RSSR) or nitrosothiol
(RSNO).
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Oxidants in biological systems
The major oxidant species in biology are reactive oxygen and nitrogen species
(RONS), are molecules derived from oxygen alone, from nitrogen or from a combination
of nitrogen and oxygen. Free radicals as described above consist of any atom or
molecule with an unpaired electron, which include some species of RONS. Indeed, O2
having two unpaired electrons is a free radical, and serves a crucial function as the final
electron acceptor for electron transport during mitochondrial respiration and numerous
other reactions in biology. Not all RONS, however, are free radicals. Common examples
of RONS that are not free radicals include but are not limited to hydrogen peroxide
(H2O2) and peroxynitrite (ONOO-)
In general RONS come from endogenous oxygen metabolizing enzymes such as
NADPH oxidases (NOX/DUOX), nitric oxide synthases (NOS1-3), cytochrome P450
enzymes, xanthine dehydrogenase/oxidase (XDH/XO), or exogenous sources such as
radiation/UV, products of combustion (e.g. smoking), air pollutants and metals.
Change in thiol redox status is perhaps the best-described mechanism of protein
regulation by oxidant signaling. Thiols have the potential to be more reactive, compared
to other side chains of amino acids, due to a relatively low dissociation constant (pKa).
Specifically, when a thiol residue (pKa < 6.5) is in proximity to a basic amino acid, a
metal center or aromatic amino acid, the sulfur moiety becomes increasingly susceptible
to biologically relevant oxidation (135). A reduced thiol (RSH) can be oxidized to sulfenic
(RSOH), sulfinic (RSO2H) or sulfonic (RSO3H) acids or form a disulfide (RSSR; Figure
1.1) by reactive oxygen species, or to a nitrosothiol (RSNO) by a reactive nitrogen
species. Oxidation of a key thiol (or thiols) results in gain or loss of function due to posttranslational modifications such as conformational changes or protein-protein
interactions. In some cases a thiol can be irreversibly oxidized resulting in permanent
functional changes to a protein (154).
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Cilia and Mucociliary Clearance
Changes in reduction/oxidation (redox) state are gaining increased appreciation
as signaling mechanisms for many cellular processes including proliferation,
senescence, differentiation, transcription factor activation, apoptosis and motility (153).
The redox state within the cytoplasm is normally kept in a reduced state by an
abundance of thiol-based enzymatic systems such as the thioredoxin and glutathione
families. However, local regulation of protein thiol-oxidation can have a profound
transient or irreversible impact on tertiary and quaternary structure, protein stability,
protein-protein interaction and enzymatic activity (135). Motile cilia are rich in thiol-dense
and thiol-regulatory proteins (13, 129), of which the local redox environment governs
function. Redox species are often short-lived due to their reactive nature, and thus
proximity of production of redox species to the moieties with which they react is a
common characteristic of redox-regulated events.
Functional motile cilia are key components of human biology, and the core
cytoskeletal structure (termed the axoneme) is mostly conserved throughout all
instances in human biology including the tail of the sperm, the oviducts, the ventricular
system of the brain and spinal cord, the embryonic node and the airways (147).
Additionally, instances of non-motile, primary cilia occur on near every cell type and
have become increasingly recognized as central hubs for many signaling cascades
related to proliferation, differentiation and to determine left-right asymmetry (heart
position away from the midline) (8, 160). While cilia are present in many locations
throughout the body, this review is focused on oxidant regulation of airway-localized cilia
and therefore is not intended to be a comprehensive review of all cilia types. The motile
cilia that line the epithelium of the airways are uniquely exposed to a variety of oxidants
through inhalation and deposition of gases, particles and debris. Mucociliary clearance,
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driven by airway lining cilia, is a necessary defense system to remove pathogens from
the lungs and out of the airways to be swallowed or expectorated.
Housed within the cilium are all of the necessary components for cilia bending,
the coordinated functional action of cilia that propels mucus. Upon addition of exogenous
substrates and cofactors (nucleotides, ATP, metals, etc.), isolated demembranated cilia
can beat independently of the cell (58, 128, 194). These proteins include those of the
cytoskeletal structure, regulatory motor proteins (such as specialized dyneins),
ATP/ADP-generating enzymes (Nucleoside diphosphate kinases) and many
phosphatases (PP1 and PP2A) and kinases (PKA and PKC) that regulate cilia motility
(13, 129). Moreover, cilia contain or are in close proximity to oxidant-generating systems
such as nitric oxide synthases (NOS) or NADPH oxidases (NOX/DUOX) and
mitochondria, respectively (75, 174) (Figure 1.2).
Motile Cilia: Organelle Structure
The basic cytoskeletal structure of a cilium (or axoneme), as observed by
electron microscopy, is a circular orientation of 9 doublet microtubules. In motile airway
cilia there is a 10th pair of microtubules positioned at the center of the 9-doublet ring.
This conformation is referred to as the “9 + 2” arrangement, where 9 refers to the ring of
doublet microtubules and 2 refers to the two microtubules in the center. There are two
distinct densities seen projecting from the outer microtubules toward the inner
microtubules and projecting from one outer microtubule pair to the next; referred to as
“radial spokes” and “nexin links”, respectively (Figure 1.2).
Positioned along the length of the axoneme on the outer doublets are the
complexes of molecular motors, dynein ATPases. These dynein complexes, which
consist of multiple variations of heavy, intermediate and light chain (HC, IC and LC)
dyneins, repeat along the long axis of the microtubules at a periodicity of 96-nm. Two
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primary complexes of dynein function as the motors for ciliary motility: inner dynein arms
(IDA) and outer dynein arms (ODA). IDAs are implicated in regulating waveform, while
ODAs drive beat frequency (18). Initial understanding of the precise mechanisms by
which dyneins take these configurations and how they are integrated into a functional
regulated system with other structural and regulatory components has only recently
been elucidated. For a detailed comprehensive review of motile cilia structure refer to
recent review by Ishikawa (73). Many components of cilia structure and regulation rely
on a specific redox state to maintain the function and integrity of the cilium as an
organelle.
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Figure 1.2 Cilia structure and regulatory oxidant systems.
Upper: Graphical representation of a cross section of an individual cilium depicting “9+2”
arrangement with inner and outer dynein arms, radial spokes and nexin links making up
the axoneme. Lower left: Localization of known oxidant-generating systems. Nitric oxide
synthase (NOS) 1 and dual oxidase 1 (DUOX1) localize along the length of the ciliary
membrane. NOS2 localizes to the cytoplasm and NOS3 localizes to the basal body. The
NOS enzymes produce nitric oxide (NO) or superoxide (O2-). The NADPH oxidase
(NOX) 1-4 enzymes localize to the apical surface of the cell membrane. The apical
portion of ciliated cells is packed with mitochondria near basal bodies. NOX and DUOX
enzymes and mitochondria generate hydrogen peroxide (H2O2) and O2. Lower right:
Localization of antioxidant systems. Both the ciliary matrix and cytoplasm of airway
ciliated cells are densely packed with thioredoxin 1 (Trx1), thioredoxin reductase 2
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(TrxR2) peroxiredoxin 6 (Prx6). Additionally, several thioredoxin domain-containing
(TXNDC) proteins are anchored along the length of the axoneme in close proximity to
dynein.
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Cilia-localized Redox-Sensitive thiol-regulatory proteins
Direct evidence of redox regulation of ciliary motility.
Several cilia regulatory components, such as dyneins, kinases and even the
micotubules have been suggested by experimental evidence to be sensitive to redox
regulation (22, 57, 69-71, 173).

a. Dynein

Perhaps the best-studied redox-sensitive component key to cilia motility is
dynein. Within the ODAs and IDAs are multiple heavy and light chains. A significant
portion of published work has been focused on the ODAs of the model organism
Chlamydomonas reinhardtti (22, 191, 192). Within the ODA, the HCs contain the
ATPase motors and LCs are generally thought to be regulatory molecules (90).

Thioredoxin Motifs within Dynein Subunits
Three subunits of the ODA (i.e. DC3, LC3 and LC5) contain thioredoxin redox
motifs (20, 192). Two light-chains (LC) of Chlamydomonas ODA, LC3 and LC5, have full
copies of the thioredoxin active site redox sensitive motif, which contains two reactive
cysteine moieties (i.e. WCGPCK). This special orientation of amino acids results in low
pKa and high reactivity of the flanking cysteines.
Wakabayashi and King found in Chlamydomonas that detergent-extracted
reactivated cell models of motility showed a clear decrease in beat frequency upon
increased presence of oxidants, and conversely, an increase in beat frequency with
reducing conditions depending on the light adapted state (192). Importantly, mutants
lacking LC5 were resistant to oxidant-mediated slowing, but also did not demonstrate
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increased beating with reducing agents (192). Oxidation experiments coupled with twodimensional gel electrophoresis and mass spectrometry revealed that the oxidations that
occur within the LCs create transient disulfides to other thiol containing protein in close
proximity. Specifically, these experiments revealed LC interaction with two thioredoxin
proteins and two uncharacterized flagellar proteins (192). The importance of these
thioredoxins is clear since disruption of the mammalian/human orthologues of LC3 and
LC5, TXNDC3 (NM23-H8) and TXNDC6 (TXL-2/NME9), are associated with lung
diseases (133, 144). Indeed, recent evidence has identified that a common variant of
TXNDC3 causes a genetic disease of dysfunctional mucociliary clearance known as
Primary Ciliary Dyskinesia (PCD) (35).

DC3
In order for ODAs to be positioned on the correct site on microtubules they must
come in to contact with a specialized aggregate of protein, called the ODA-docking
complex (ODA-DC). The ODA-DC consists of three subunits, DC1, DC2 and DC3. Loss
of DC1 or DC2 results in the complete loss of ODAs leading to erratic and slow
swimming in Chlamydomonas. Loss of DC3 results in a similar, but less pronounced
phenotype with only partial loss of ODAs. Mutants lacking DC3 are unable to swim
backward upon photoshock (21). The ODA-DC likely serves in part as a calcium sensor
because calcium is a key regulator of cilia motility. Of the ODA-DC subunits, DC1 and
DC2 likely serve as regulatory proteins to modulate calcium binding of DC3, which
contains four EF-hand domains (EF1-4) (21). Within the four EF-hand domains of DC3,
EF2 contains three cysteines, two of which are located in the calcium-binding loop (22).
Moreover, when studied in vitro, DC3 only binds calcium in the presence of dithiothreitol
(a strong reducing agent), indicating redox-sensitivity. Despite this, upon reconstitution
of DC3–lacking mutants with DC3 having altered EF-domains, Chlamydomonas
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swimming was apparently restored to normal by all means tested. This suggests that the
calcium-binding activity of DC3 may not play a role in vivo, despite clear evidence that
DC3 binds calcium in vitro. Further work is needed to determine the role of DC3 as a
redox-sensitive calcium sensor to transmit a signal to the ODA via the thioredoxin-like
light chains of the ODA.

Gamma Heavy Chain
Experimental evidence from Chlamydomonas suggests that dynein is directly
regulated by oxidation (57). Direct redox regulation of the gamma heavy chain dynein
ATPase has been demonstrated to be biphasic (57). In isolated axonemes from
Chlamydomonas, treatment with increasing amounts of up to 10 µM DTNB, revealed a
50% increase in ATPase activity (57). Further increasing DTNB up to 10 mM resulted in
a decline in ATPase activity to 10% of the rate in the absence of DTNB (57). In
Chlamydomonas mutants lacking the ODAs, but not IDAs, ATPase activity was not
stimulated at lower concentrations of DTNB but stilled showed inhibition upon high
doses (57). In mutants lacking the LC5 and HC domain the magnitude of activation is
blunted (57). However, this limitation disappears upon removal of the HC motor domain,
suggesting that multiple intra dynein protein-protein interactions are involved in
modulating ATPase activation of the HC (57).

b. Phosphoregulatory Systems
Anchored within the cytoskeletal structure of the axoneme and localized in close
proximity to the dyneins associated with radial spokes are several phosphoregulatory
enzymes; the kinases and phosphatases (198). Several of these phosphoregulatory
enzymes have been shown to be redox-sensitive in purified form or in contexts other
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than cilia, and there is direct evidence for a redox regulatory component of two enzymes,
protein phosphatase 1 (PP1) and protein kinase C (PKC).

Protein phosphatase 1
The PP1 catalytic subunit (PP1c) predominately localizes to the central pair in
Chlamydomonas with a small fraction localizing near ODAs (207). There are at least two
putative redox sensitive elements of PP1: 1) PP1 contains metals (likely Fe2+ and Zn2+;
the metals in the active site vary based on whether the enzyme is recombinant or native)
in its native active site (61); and 2) PP1 contains a putative oxidoreductase active site
(40). Recombinant PP1 (rPP1) activity can be enhanced or suppressed by H2O2.
Sommer et al. reported an approximately 2-fold increase in PP1 activity after incubation
with an oxidant generating system (Xanthine/Xanthine Oxidase) (170). Importantly,
stimulation of rPP1 activity was blocked by catalase, but not superoxide dismutase,
implicating H2O2 as the activating oxidant (170). The precise mechanism of PP1
activation by H2O2 has not been further reported. NADPH oxidase 4 (NOX4) generated
H2O2 has been demonstrated to inhibit recombinant PP1 by one electron oxidation within
a dinuclear metal center (151). Additionally, PP1 inactivation coincides with oxidation of
residues Cys62 and Cys105 to sulfenic, sulfinic, or irreversibly to sulfonic acid (89).
Results obtained studying recombinant PP1, however, may not reflect the in vivo redox
sensitivity of PP1, as the metals contained in recombinant PP1 are likely different and
subject to different oxidation energies (61). In this context, the precise mechanisms by
which PP1 can be redox regulated can only be speculated. Oxidation of PP1 could alter
binding with any of the over 250 identified binding partners of PP1directly or alter PP1
catalytic activity directly (29).

Protein Kinase C
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Several studies demonstrate Protein Kinase C (PKC) activation decreases CBF
in mammalian cells (5, 199, 204). Salathe and colleagues found that PKC dependent
phosphorylation of a single membrane-bound 37-kDa target was associated with
decreased CBF in cilia from sheep tracheal rings (149). Furthermore, Kobyashi
demonstrated that H2O2 could slow cilia, and blocking PKC activity could reverse this
cilia inhibition (94). Several PKC isoforms exist and have varying functions within the
cell. Wyatt et al. demonstrated localization of the ε isoform in bovine isolated axonemes
(204). PKC is implicated in cilia slowing related to cigarette smoking (163, 166, 202,
204), aging (5), H2O2 (94) and fungal aflatoxin exposure (106).
PKC contains cysteine residues that are susceptible to posttranslational redox
modifications in both the C-terminal catalytic domain and the N-terminal regulatory
domain (173). Reversible activation or inactivation can occur by disulfide formation
within the regulatory domain or catalytic domain, respectively (51). Redox modification of
the C-terminus results in phorbol ester-independent activation of PKC activity, resulting
in activation of PKC without a need for translocation of the enzyme to membrane. In
some cases, H2O2 activates PKC in correlation with a reverse, membrane to cytosol,
distribution (127, 173).

Putative redox sensitive ciliary motility regulatory components.
Several other axoneme-localized proteins that have been shown to regulate
ciliary motility also have been shown to be redox-sensitive in other biologic systems(36,
101, 129, 162, 174). The redox-sensitivity of these proteins has yet to be formally
examined in the context of cilia regulation. These include but are not limited to protein
phosphatase 2A (PP2A) (36), soluble guanylyl cyclase (sGC) (174), protein kinase A
(PKA) (101, 129, 174) and heat shock protein 90 (Hsp90) (162).
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Antioxidant enzymes and oxidant generating systems
a. Antioxidant proteins
Several canonical antioxidant proteins are present in cilia. In addition to the
dynein subunits described previously, tracheal and lung tissue show enhanced staining
for the redoxin family proteins TrxR2, Prx6, Trx1 from both mice and humans under
baseline conditions (31, 50). Additionally, specialized nucleoside diphosphate kinases
contain multiple copies of thioredoxin domains, but have yet been demonstrated to
function in redox reactions governing cilia function (Figure 1.2) (131, 132).

b. Oxidant generating systems
There are several RONS sources in close proximity to the axoneme. RONS are
often generated from enzymes that metabolize oxygen creating more reactive products
including superoxide O2•-, H2O2, and •NO.

Nitric Oxide Synthases


NO is a key regulatory molecule for airway ciliary motility (165, 167). NO is a

highly reactive molecule first characterized as the signaling molecule originally called
endothelial derived relaxing factor (EDRF) (72). Biological NO comes primarily from the
three isoforms of the homodimeric NO synthase (NOS) enzymes: 1) neuronal NOS
(nNOS or NOS1); 2) inducible NOS (iNOS or NOS2); and 3) endothelial NOS (eNOS or
NOS3) (117, 122, 124). NOS1 and NOS3 are constitutively expressed and
posttranslationally activated, while NOS2 is transcriptionally regulated and constitutively
active. The NOS enzymes share the common mechanism of catalyzing the reaction of
oxygen, NADPH, tetrahydrobiopterin (BH4) and L-Arginine to the free radical NO and Lcitrulline (117). NO then acts as a signaling intermediate by autocrine or paracrine
mechanisms (104). A well-characterized “canonical” example of this is the covalent
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binding of NO to the heme of guanylyl cyclase to stimulate the production of cGMP,
which activates PKG (104, 117). In contrast, signaling properties of aberrant or noncanonical NO production are poorly characterized. In the absence of NADPH, BH4 or LArginine, the passing of electrons between the domains of the NOS enzyme becomes
uncoupled, resulting in the additional production of the reactive free radical anion O2(102). The reaction of O2- with NO, one the fastest known biological chemical reactions,
results in the formation of the highly reactive anion peroxynitrite (ONOO-) (17, 102). NO
and ONOO-, as RONS, can catalyze the reversible nitrogen oxidation adduction of
protein thiols, termed S-nitrosation or oxidation of tyrosine residues, termed nitration
(98). Our group found that alcohol exposure to isolated axonemes rapidly and robustly
increased NO production and CBF. By adding the stereo-specific NOS inhibitor L-NAME
(NOS isoform non-specific), both NO production and CBF responsiveness to alcohol
exposure were blocked (165). Upon addition of the NO donor, sodium nitroprusside,
CBF responsiveness was restored. These data suggest both NO producing capacity
localized to the axoneme, and a NO responsive element of the axoneme. Additionally,


NO is key to many receptor-mediated increases in CBF such as bitter taste receptors

and adrenergic receptors. All three NOS isoforms have been differentially localized in
ciliated airway epithelial cells and reports of localization of NOS in ciliated airway
epithelial cells are varied (Figure 1.2).

NOS1
NADPH diaphorase staining of NOS1 knockout mice and immunohistochemistry
for NOS1 from human bronchioles revealed strong localization of NOS1 to airway
epithelium (143, 158). Recently, NOS1 has been localized specifically to cilia of airway
epithelial cells (75). In this study, NOS1 was found at the proximal portion of the
axoneme in human explants as well as primary cells cultured at an air-liquid interface
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(75). Despite these data, no published reports demonstrate a specific role for NOS1 to
regulate cilia function.

NOS2
NOS2 enzyme has great affinity for calcium and therefore does not require a
burst of calcium to produce NO resulting in abundant production of •NO far greater than
that of NOS1 or NOS3 (44). From a redox perspective, the levels of •NO radicals
generated by NOS2 result in oxidizing conditions and can quickly deplete antioxidant
stores. In vivo NOS2 is constitutively expressed in airway epithelial cells, but this
expression is lost in vitro (55). Cytosolic expression of NOS2 in cultured ciliated cells can
be maintained upon addition of cytokines IL-4 and Interferon γ (55). In sinus explants
treated with TNFα, rapid and abundant expression of NOS2 is associated with a
decrease in CBF (24).

NOS3
In rat and bovine bronchial ciliated epithelial cells NOS3 and PKG-1β localize
near the basal body of the axoneme, suggesting a role in the function of cilia (174, 206,
213). Additionally, in response to noxious stimuli, NOS3 has been found to translocate
from the basal body region into the peripheral axoneme in bovine cells (162).

Nox Family of NADPH Oxidases
The NADPH oxidase (Nox) includes Nox1-4 and dual oxidase (Duox) 1 and 2.
This family of enzymes exhibit several conserved properties: 1) six conserved
transmembrane domains; 2) four highly conserved and heme-binding histidines and; 3)
and an electron flow from bound NADPH to FAD and through the heme domains (188).
These conserved properties ultimately result in the reduction of O2 to O2- through the
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heme domains (188). Additional moieties garnering the enzymes calcium sensitivity or
the potential to generate H2O2 differentiate the isoforms. Bedard and Krause provide a
thorough review of the Nox Family enzymes (10).
The primary Nox family members found in ciliated airway epithelial cells are
Duox1 (159), Duox2 (81, 99), Nox4 (88) and Nox2 (41, 60). In this cell type these
enzymes localize to the apical surface of the cell, with staining for Duox1 extending into
the cilia (Figure 1.2) (156). Strikingly, Duox1/2 and Nox4 have been associated with
predominance toward H2O2 versus canonical production of O2- (45, 99). It is likely that
these enzymes produce O2•- that rapidly dismutates to H2O2. While these Nox enzymes
clearly play a role in airway diseases associated with dysfunctional mucociliary
clearance, Nox4 is the only enzyme that has been directly associated with cilia
dysfunction to date (193).

Mitochondria
In airway epithelial cells mitochondria are densely localized to the apical surface
of the cell near the basal body of the axoneme, presumably to provide a source of ATP
to meet the energy demands of ciliary beating (Figure 1.2). With close proximity to cilia,
mitochondria are a likely source of oxidant signaling and stress to motile cilia. Both
Murphy(123) and Mailloux(115) have written extensive detailed reviews of the
mechanisms by which mitochondria generate oxidants and are regulated by redox
signaling and stress.

Direct effects of oxidants and oxidant generating systems
Numerous studies have reported the effects of relatively stable oxidants such as
O2 or H2O2, or the direct effect of oxidant generating systems to study the role of
transient oxidants such as O2- or hydroxyl radicals.
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Oxygen stress
Increasing the fraction of inhaled oxygen (FiO2) is a common form of cellular
hyperoxia encountered clinically in the context of supplemental oxygen therapy. Unlike
tissues that are exposed to this increased oxygen through the circulatory system, the
airways are in direct contact with the highest levels of oxygen as an inhaled gas. Despite
its therapeutic role to increase hemoglobin saturation and restore tissue oxygenation,
the effect of supplemental oxygen on ciliated cells varies based on the length of
exposure. With short exposure to increased FiO2, Stanek et al. found an increase in CBF
in cultured human nasal epithelia (172). In contrast, prolonged exposure to high and
prolonged FiO2 decreases the number of cilia in rat, bovine and human cultured cells
and explants (85, 141). Al-Shmangi et al. found that co-incubation with vitamin E and/or
vitamin C partially mitigated oxygen-induced cilia loss (4). Additionally, the mechanistic
nature behind acute or chronic oxygen exposure to cilia remain to be examined.

Xanthine/Xanthine Oxidase – Opposing roles for O2•- and H2O2
Purified xanthine oxidase (XO), in combination with xanthine (X) or hypoxanthine
(HX), is a commonly used oxidant generating system. This system generates abundant
quantities of O2•- and H2O2 depending on the culture conditions and substrate levels.
Addition of superoxide dismutase (SOD) and/or or catalase (CAT) allow for the
differentiation of O2•- or H2O2 as the acting oxidant. The effects of XO systems on CBF
are varied.
Direct exposure to X/XO or H2O2 results in ciliary slowing (39, 66, 120, 211).
Interestingly, preincubation with SOD causes even further slowing by X/XO. Surprisingly,
in the presence of CAT, X/XO stimulates CBF and with the combination of SOD + CAT
CBF is similar to conditions in the absence of X/XO (39, 211). As SOD generates H2O2
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and this further slows cilia, these data suggest that H2O2 slows cilia since CAT
selectively consumes H2O2 and there is no slowing with the presence of CAT. Slowing of
CBF by X/XO seems to be a H2O2 and DNA damage-dependent process. Feldman et al.
and Min et al., found that inhibition of DNA repair by 3-aminobenzamide blocks both
X/XO or direct H2O2-mediated CBF slowing (39, 120).
Since CAT stimulates CBF in the presence of X/XO, which is attenuated by SOD,
this suggests that O2•- stimulates CBF. Manzanares et al., found that inhibition of
hyaluranon (HA) synthesis prevents stimulation of CBF by X/XO and that addition of
exogenous HA amplifies the stimulatory response (116). Additionally, CBF stimulation by
X/XO was reduced upon blocking the receptor for hyaluronic acid-mediated motility
(RHAMM), which signals through recepteur d’origine nantais (RON), a tyrosine kinase at
the apical surface of the cell, to activate a CBF stimulation pathway (116, 146). These
experiments suggest that oxidatively modified HA can activate RHAMM. In combination,
the above findings utilizing the X/XO system highlight the importance of identifying the
oxidant species generated to affect cilia function.
Redox associated acquired ciliopathies:
Continuous and dynamic beating of airway cilia is necessary to clear mucus and
mucous-trapped pathogens, particles and debris upon inhalation as a protective
mechanism for the lung. This is evident in cases of inherited genetic mutations in motile
cilia specific proteins that result in disordered or immotile cilia function. These genetic
diseases, known as primary ciliary dyskinesia (PCD), result in chronic mucus plugging,
pneumonias and bronchiectasis. Knowles provides a detailed review of PCD (93). In
addition to heritable genetics causing cilia dysfunction, extrinsic elements such as
exposure to pollutants, microbes or lifestyle factors can impact ciliary motility. Many of
these exposure-associated, or “acquired ciliopathies” are driven directly or indirectly by
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perturbations of redox balance (Table 1). These exposures change redox balance by
containing or altering oxidizing elements, generating intracellular or extracellular RONS
by activating local cellular defense systems, or by driving recruitment of inflammatory
cells with powerful oxidant producing capacity. Tilley et al. has provided a broad
overview of secondary ciliary dysfunction or acquired ciliopathies (183).
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Table 1 – Redox associated acquired ciliopathies
Redox Species

Hyperoxia

O2

Exogenous
Xanthine
Oxidase

H 2O 2
O2-

Asthma

H 2O 2
Increase or
decrease NO

• Nox/Duox

ê CBF

H 2O 2

• Decreased Nrf2
• unknown

ê CBF
Loss of ciliated
cells

Pseudomonas
Aeruginosa

H 2O 2

• Cell-free supernatant
• Pyocyanin
• Pseudomonas
• Quinolone Signal
• Increased Duox

ê CBF

Streptococcus
pneumoniae

H 2O 2

• H2O2 secretion via
pyruvate oxidase

ê CBF

Tobacco
Smoke

Aldehyde adducts
H 2O 2

• Direct effect of
combustion products
• Aldehyde metabolism
Duox1

ê CBF

Alcohol
Exposure



• NOS3

Transient é CBF,
Prolonged
desensitization to
β-agonists

Respiratory
Syncytial Virus

NO

Source

Effect on Ciliary
Motility
Low/brief é CBF
High/prolonged ê
CBF
ê CBF with XO
alone or in the
presence of
superoxide
dismutase
é CBF in the
presence of
catalase

Insult

• Inspired O2 > 21%

• Enzymatic product of
XO activity
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Asthma
Asthma is characterized by airway smooth muscle hyperreactivity and
inflammation of the airways. This chronic inflammation leads to mucus cell metaplasia
and mucus plugging (16). In addition to increased mucus production asthma is
associated with an observed slowing of CBF. Bonser et al. reported decreased CBF in
bronchial rings collected from severe asthmatics that was reversible ex vivo by removal
of apically tethered MUC5AC (16). The conclusion made by the authors was that
tethering of this mucin was causative of CBF slowing, based on the observation that
upon MUC5AC removal, CBF was restored (16). While it was demonstrated that removal
of MUC5AC correlated with CBF slowing, the method of removal of the mucin required a
strong cell-permeable reducing agent dithiothreitol (DTT). Thus an alternative conclusion
can be drawn; that oxidants are responsible for CBF slowing. Consistent with this, based
on a recent study reported by Wan et al., ciliary slowing was correlated to a redox event
exclusive to neutrophilic asthma (193). In a study of ciliary function in bronchial strips
collected from 11 patients with neutrophilic asthma and 10 patients with nonneutrophilic
asthma, CBF was only slow in those patients with neutrophilic asthma and correlated
well with the percent sputum neutrophils (r = -0.70; P < .001) and did not correlate with
sputum eosinophils. Furthermore, in bronchial strips from the same patients, Nox4 levels
and ROS generation were increased in samples from neutrophilic asthmatic and Nox4
inhibition by GKT137831 improved CBF in these strips. Interestingly, when primary cells
were cultured and differentiated from the same donors, Nox4 expression remained high
but there was no detectable difference in cilia function. In contrast, in an ovalbumin
mouse model of asthma, which results in a neutrophilic asthma pattern, CBF and the
percent ciliated cells in tracheal rings was decreased in ovalbumin challenged mice
compared to controls. Importantly, oral administration of the Nox4 inhibitor GKT137831
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prevented cilia slowing and loss, despite the persistence of neutrophil infiltration. These
data suggest that RONS generated by NOX4, in combination with neutrophil infiltration,
drive cilia dysfunction (193).
Respiratory Syncytial Virus
Respiratory viruses are common pathogens in the airways. Of these, Respiratory
Syncytial Virus (RSV) specifically targets airway epithelial cells via the CX3CR1 receptor
(77, 80) and results in cilia loss (214). In vitro RSV infection rapidly drives ciliary
dyskinesia (169), loss of cilia (186) and ballooning and detachment of ciliated cells from
the airway epithelium (59).
In airway epithelial cells RSV drives a robust increase in H2O2 and
downregulates the antioxidant defenses (67, 68, 96). Induction of Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) in a mouse model is protective against RSV replication
and RSV-driven pulmonary inflammation (28). Nrf2 is a transcription factor controlling
the expression of several antioxidant enzymes including thioredoxin reductase 1
(TXNRD1), glutathione-cysteine ligase (GCLC), glutathione S-transferane (GST) and
heme oxygenase-1 (HO-1). Mata et al., reported that pre-incubation with N-acetyl-lcysteine, a precursor to the antioxidant molecule glutathione (GSH), prevented viral
replication and inhibited formation of cilia in vitro in human cells (119).
Pseuodomonas Aeruginosa
A common bacterial pathogen in Cystic Fibrosis, a disease partly characterized
by thick immobile mucus, is Pseuodomonas Aeruginosa (PA). This organism produces
several redox-active virulence factors. In a study of sheep tracheal explants, a cell-free
supernatant derived from PA resulted in ciliary slowing of sheep tracheal explants that
was blocked by co-incubation with catalase, implicating H2O2 as the key redox species
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(74). Pyocyanin, a redox-active phenazine pigment, is found in the sputa of colonized
individuals near 27 µg / ml and is associated with epithelial cell disruption and cilia
slowing (196, 197). Interestingly, an array of antioxidants including catalase, SOD and
N-acetyl-l-cysteine did not prevent cilia slowing by pyocyanin (83). These data suggest
either that ciliary slowing by pyocyanin is not a redox-dependent event, or that the
antioxidants used were unable to target the redox-sensitive components involved. In
addition to pyocyanin, Pseudomonas Quinolone Signal (PQS) is another virulence factor
source of oxidative stress in airway epithelial cells, resulting in increased apoptosis and
decreased antioxidant capacity by driving down Nrf-2 and Heme Oxygenase 1 (1).
Finally, the type-three secretion system of Pseuodomonas activates Duox in airway
epithelial cells in a calcium-dependent and ATP-independent manner (139). A specific
role of Duox-dependent cilia dysfunction with Pseuodomonas is deserves further study.
Streptococcus pneumoniae
Streptococcus pneumoniae (S. pneumoniae) is the most common community
acquired bacterial cause of pneumonia (142). In addition to the pore forming toxin,
pneumolysin, S. pneumoniae secretes H2O2 via pyruvate oxidase enzymes (171).
Although pneumolysin-deficient S. pneumoniae are much less virulent as a pneumonia
pathogen than their pneumolysin-positive counterparts (12), it is apparent that this H2O2
is a strong virulence factor since equivalent levels of H2O2 induce cilia slowing and
pneumolysin deficient pneumococci are cytotoxic to rat airway epithelial cells (38, 64).
Smoke
Smoking is one of the strongest risk factors for bronchitis, chronic obstructive
pulmonary disease (COPD) and increased mortality for pneumonia (11). Combustion of
tobacco smoke produces one of the highest biologically relevant sources of
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acetaldehyde (nearly 1 mg per cigarette) in addition to several other oxidant species (26,
157). Smoking can push reversible signaling reactions toward irreversibly oxidized
moieties (100). For over half a century cigarette smoking has been associated with cilia
slowing and cilia shortening or loss (7, 23, 166).
We have shown in mice exposed to whole-body smoke from cigarettes that PKCε
was slightly increased by 6-weeks and increased 10-fold by 12 weeks, which was
closely associated with slowing of CBF in tracheal rings compared to mice exposed to
air alone (163). Additionally, cell cultures of mouse tracheal epithelium exposed to both
smoke and alcohol demonstrate increased PKCε activity compared to control or to either
smoke or alcohol individually. Importantly, slowing does not occur in smoke-exposed
PKCε-/- mice (204). While the precise mechanism of PKCε activation by cigarette smoke
is not fully understood, it has recently been reported that smoke increases Duox1 and
H2O2 and IL-8 release in an immortalized bronchial epithelial cell-line and in smokeexposed mice. Inhibition of Duox1 with a non-specific Nox inhibitor, DPI, blocked IL-8
release (182). In a separate bovine bronchial epithelial cell model, exogenous IL-8
caused cilia dysfunction (3). Moreover, as described previously, PKCε can be activated
by H2O2 and other oxidants. Smoking may act on PKCε through an IL-8 or H2O2dependent mechanism.
Alcohol
Alcohol drinking is associated with increased prevalence of severe pneumonia
(15, 210) and is associated with pro-oxidant environment in the lung and airways (54,
113, 134, 209). Alcohol has different effects on ciliary motility dependent on both dose
and length of exposure. Alcohol modifies the •NO-driven kinase-dependent mechanism
of airway ciliary regulation in two ways: 1) brief alcohol exposure transiently stimulates
airway CBF; and 2) prolonged alcohol exposure desensitizes cilia to subsequent
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stimulation of motility (201, 203). For example up to 6 hours alcohol exposure (up to 100
mM) to cultured airway epithelial cells stimulates CBF. In contrast, after 24 hours of
alcohol exposure, CBF returns to baseline and is unresponsive to a β-agonist
(desensitization), termed alcohol-induced ciliary dysfunction (AICD).
Brief alcohol exposure: CBF Stimulation
Linkage of CBF to the ODAs in Mammalian Airway Cilia: Experiments in mammalian
ciliated airway cells exposed to alcohol demonstrate that exposure to modest
concentrations of alcohol causes brief, transient stimulation of CBF (165). The time
frame of “brief” alcohol depends on the model system: 1) In live rats fed 36% of their
calories as alcohol, CBF increases 30-40% over control-fed rats after 1 week of drinking
alcohol (202). In this model, blood alcohol concentrations of 45 mM were routinely
obtained. 2) In naïve primary ciliated bovine bronchial cells exposed to 25-100 mM
alcohol in vitro, alcohol stimulated CBF after 1 hour of alcohol exposure, raising CBF
~30% over baseline (165). This stimulation was sustained for 2-4 hrs before returning
back to baseline. 3) Using an organelle preparation of isolated, demembranated, bovine
cilia extracted from naïve tracheae, alcohol (specifically ethanol) stimulated CBF in
reactivated axonemes within 1-2 minutes of ATP reactivation (167). CBF frequencies of
30-40% over baseline were achieved. These isolated axonemes were exquisitely
sensitive to alcohol with maximum stimulation occurring with alcohol concentrations of 1
mM (167). To put this very low alcohol concentration in context, the legal blood alcohol
concentration limit for safe driving is less than 17 mM (0.08%) (42). These data indicate
that CBF in multiple models and systems is rapidly and transiently responsive to alcohol
exposure. Because CBF is largely dependent on activation of the ODA motors (200),
there is a tight association between alcohol and regulation of ODAs. Regardless of the
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model system, the mechanism of this brief transient stimulation of cilia by alcohol is fairly
well understood.
Mechanistic studies designed to explore the signal transduction pathway through
which alcohol stimulates cilia have revealed that the first step in CBF stimulation is the
activation of nitric oxide synthase (NOS). The rapidity of alcohol-triggered nitric oxide
(•NO) production strongly supports the activation of a constitutive NOS, either the
endothelial (eNOS/NOS3) or the neuronal (nNOS/NOS1) isoforms. Recent studies
demonstrate that in mammalian airway cells, NOS3 is triggered through the chaperone
protein, HSP90 (heat shock protein 90) (162). When HSP90 closely associates with
NOS3, •NO production rapidly increases, activating the canonical cGMP-dependent
kinase (PKG) activation pathway. Specifically, increased •NO production activates
soluble guanylyl cyclase causing the production of cyclic GMP and PKG activation,
which is necessary for CBF stimulation. Concurrently, alcohol also activates a soluble
adenylyl cyclase (sAC), which triggers the activation of the cAMP-dependent protein
kinase A (PKA). •NO-dependent alcohol stimulation of cilia requires the sequential, dual
kinase activation pathway of increased beating through more dynein activation (201).
While the link is clearly established with this sequential, dual kinase-signaling pathway,
one would predict an alcohol-driven increase in CBF should improve clearance in the
lungs. While this does happen following brief alcohol exposure, the effects of prolonged
alcohol exposure are quite different than the effects of brief alcohol exposure described
above.
Prolonged alcohol exposure: CBF desensitization
When people, or animals, have prolonged alcohol intake, such as drinking daily for
several weeks, and/or with very high doses of alcohol, cilia become resistant to βadrenergic stimulation (29). The initial transient increase in kinase activation and
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subsequent CBF increase by alcohol lasts for only a few hours in vitro (37) and for one
week in vivo (38). One aspect of the return to baseline CBF may be the activation of the
cAMP-dependent phosphodiesterase 4 (PDE4). In vitro, alcohol exposure robustly
stimulates PDE4 and the magnitude of alcohol-stimulated PKA activity is increased by
PDE4 specific inhibitors (43). Despite this increase PKA magnitude, the duration of PKA
activity was unaffected by PDE4 inhibition and CBF and PKA activity returned to
baseline by 6 hours. Moreover, continued alcohol exposure results in complete
desensitization of this dual kinase dependent activation pathway (40, 42). Once
desensitization of airway cilia from prolonged alcohol has occurred, the ciliary apparatus
is resistant to further β-adrenergic or cyclic nucleotide stimulation. Despite
desensitization of β-agonist stimulation pathways, baseline, homeostatic CBF remains
the same, meaning that prolonged alcohol does not decrease baseline CBF at doses
≤100 mM. The consequence is that, in the prolonged alcohol exposure model, as one
might expect in a person who drinks heavily, there is failure to increase clearance of the
lungs when aspiration of inhaled pathogens occurs, breaching the upper airway
defenses. The result is that bacteria entering the lower airways are not cleared, leading
to bronchitis and pneumonia. This desensitization of the cilia activation pathway is
linked directly to desensitization of PKA, which is the critical later step in the activation of
ODAs by β-agonists (β-agonist > cAMP > PKA > dynein > CBF). While the mechanism
of this cilia desensitization by prolonged alcohol exposure is partially understood, the
upstream mechanism of how alcohol drives desensitization of the ODAs is not clear.
However, there is evolving evidence that AICD is linked to cilia-associated oxidative
stress and depletion of NO.
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SPECIFIC AIMS AND HYPOTHESES
Oxidation of reactive cysteine by reactive nitrogen species (RNS) to Snitrosothiol, known as S-nitrosation, represents an increasingly important mechanism of
post-translational protein modification and signal transduction in the lung. Nitric oxide
(NO), a RONS, is generated in ciliated airway epithelial cells by endothelial NO
synthase (eNOS or NOS3), and serves as a regulatory molecule of mucociliary
clearance by stimulating ciliary beat frequency (CBF). The role of S-nitrosation in airway
cilia regulation is unexplored. Three key observations identify S-nitrosation as an
important signaling mechanism to study in alcohol-exposed cilia 1) brief alcohol
exposure stimulates CBF in an NO-dependent manner; 2) prolonged stimulation of cilia
by alcohol results in a return to baseline CBF and blunts CBF responsiveness to other
stimuli, termed alcohol-induced ciliary dysfunction (AICD); and 3) prolonged alcohol
exposure depletes airway antioxidants such as glutathione, which maintain oxidant
balance in the lung. We have recently established that protein phosphatase 1 (PP1),
among the most heavily alcohol-associated S-nitrosated proteins from preliminary data
generated in our laboratory, has increased activity in AICD and inhibition of PP1 restores
ciliary function in AICD. Work from other laboratories has reported increased PP1 activity
in the presence of increased nitrosative stress.

We hypothesize that alcohol stimulates S-nitrosation of PP1 resulting in
AICD. To test this hypothesis, we propose three specific aims:

Specific Aim 1: Determine the response of axoneme-localized serine/threonine
phosphatases to alcohol.
Hypothesis: Alcohol activates cilia-localized phosphatases as a key mediator of AICD.
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Approach: To test this hypothesis, we treated cells and tracheal tissue with alcohol to
cause AICD in the presence or absence of an array of phosphatase inhibitors. We then
measured phosphatase activity, protein kinase activity, substrate phosphorylation and
CBF.
Specific Aim 2: Determine the capacity of alcohol to drive axoneme S-nitrosation.
Hypothesis: Alcohol stimulates S-nitrosation of PP1 in airway epithelial cells.
Approach: To test this hypothesis, we treated cells and tracheal tissue with alcohol to
activate PP1 and cause AICD. We then characterized the role SNO plays in regulating
cilia motility by using S-nitrosoglutathione (GSNO), a potent S-nitrosothiol donor, to
model downstream alcohol-induced S-nitrosation of PP1. We monitored and compared
CBF and activities of the key cilia motility regulatory enzyme, PKA, of both alcohol and
GSNO treatments using in vitro isolated axoneme and intact cell systems. We then used
reducing agents and antioxidants to reverse or prevent alcohol- or GSNO-induced ciliary
dysfunction. These experiments allowed us to define and locate alcohol-induced Snitrosation of PP1 using techniques such as including liquid chromatography-mass
spectrometry, the biotin switch technique with immunoprecipitation for Western blotting
and immunofluorescence. Additionally, we utilized and compared alcohol-exposed
airway epithelial cells from ± alcohol drinking WT and NOS3-/- mouse models to induce
S-nitrosation in vivo. The capacity for alcohol to drive SNO content in vivo was
determined by measuring SNO content in bronchoalveolar lavage fluid.
Specific Aim 3: Characterize the redox-mediated signaling function of alcoholdriven to contribute to AICD.
Hypothesis: PP1 is activated by alcohol-stimulated S-nitrosation to cause AICD.
Approach: To test this hypothesis we utilized recombinant PP1 and measured PP1
activity in the presence or absence of GSNO. Additionally, we created a cilia-specific
overexpression of wild-type PP1 or PP1 mutated at putatively redox-regulated cysteine
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155 in human primary airway epithelial cells. We then treated cells expressing this
mutant with or without alcohol and measured PP1 S-nitrosation and activity, CBF and
protein kinase A activity from intact cells or isolated axonemes.
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CHAPTER 2 – INHIBITION OF PROTEIN PHOSPHATASE 1 REVERSES ALCOHOLINDUCED CILIARY DYSFUNCTION*
*This chapter was first published as a journal article in the American Journal of
Physiology – Lung Cellular and Molecular Physiology (137).

INTRODUCTION
Cilia are finger-like organelles projecting from airway epithelial cells which
function to drive mucus, inhaled particles and debris out of the lungs (165). There is a
long-established association of lung disease among individuals with alcohol use disorder
(AUD) (15). One facet of alcohol-related lung disease is impaired mucociliary clearance
(78, 82).
Mucociliary clearance removes inhaled pathogens from the airways as a first-line
of defense from the environment (78). Mechanisms to increase mucociliary clearance
include but are not limited to mechanostimulation, such as a particle causing the cilium
to bend; or adrenergic stimulation, that can be elicited by clinically relevant
pharmacologic agonists, such as albuterol or isoproterenol, which stimulate the β2adrenergic receptor (148, 150). Our group has previously shown that prolonged alcohol
exposure blunts airway cilia responsiveness at the tissue level in mouse tracheal rings,
at the cellular level in mouse tracheal epithelial cells cultured at air liquid interface and at
the organelle level of isolated demembranated cilia extracted from bovine tracheae (202,
203). This cilia desensitization by prolonged alcohol exposure is termed alcohol-induced
ciliary dysfunction (AICD) (202, 203).
We along with others have demonstrated that cilia regulatory enzymes are
intrinsic to the function of the organelle (198, 200). These key components necessary to
regulate cilia beat are compartmentalized in close proximity at the organelle level of the

34
cilium, termed the ciliary metabolon (174). Our studies with alcohol indicate key events
in the pathogenesis of AICD occur in the ciliary metabolon (174, 200).
In contrast to prolonged alcohol, our laboratory has shown that brief exposure to
alcohol stimulates beating of airway cilia (167, 205). This cilia stimulation occurs through
nitric oxide- and cyclic nucleotide-dependent mechanisms (167). Specifically, brief
alcohol activates endothelial nitric oxide synthase (eNOS) and a soluble form of adenylyl
cyclase (sAC) resulting in activation of the cyclic nucleotide-dependent kinases, PKG
and PKA, respectively (37, 164, 167, 205). The PKG and PKA pathways can be
individually stimulated to increase ciliary beat frequency (CBF) by cyclic guanosine
monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP) (205). However,
maximal CBF stimulation requires that both the PKG and PKA pathways are intact and
requires sequential activation of PKG followed by PKA (200, 201).
Prolonged alcohol exposure down regulates both PKG and PKA rendering cilia
unresponsive to stimulation (200). We do not fully understand, however, the mechanism
of alcohol desensitization of these enzymes. In many cellular systems, phosphatase and
kinase activities, with opposing actions on protein phosphorylation, regulate the function
of enzymatic activity, gene transcription and signal transduction (184, 189). We recently
described a phosphorylation event in the activation of cilia following acute alcohol
exposure. Brief alcohol-stimulated activity of PKA and cilia beat required upstream
phosphorylation and activation of the chaperone function of heat shock protein 90
(HSP90) with NOS3 (162). This observation highlighted the role of dephosphorylation of
key regulators in the importance of phosphorylation regulation of cilia by alcohol.
In this context, we hypothesized that increased cilia-associated phosphatase
activity plays a key role in AICD. To test this hypothesis, we studied the effects of
alcohol on phosphatase activity, kinase activity, axoneme protein phosphorylation and
cilia beat in the presence of phosphatase inhibitors. In this study we describe that
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prolonged alcohol activates protein phosphatase 1 (PP1) which can be inhibited by the
endogenous PP1 inhibitor, Inhibitor-2 (I-2), results in the restoration of axonemal
responsiveness of PKA activity and cilia beat.

MATERIALS & METHODS
Materials
Reagents used include Inhibitor-2 (I-2; EMD Millipore, La Jolla, CA), the
phosphatase inhibitors endothall, deltamethrin, fenvalerate and cantharidic acid from the
Phosphatase Inhibition Kit (Alomone, Jerusalem, Israel), Heptapeptide substrate
(RKRSRAE) for the PKG activity assay (Bachem, Torrance, CA), Kemptide (LRRASLG)
for the PKA activity assay (Bachem), alcohol (Decon Labs, King of Prussia, PA),
procaterol HCl (Sigma, St. Louis, MO), and 8-bromoadenosine 3’,5’-Cyclic
Monophosphate (8-Br-cAMP; Sigma, St. Louis).
Trachea harvesting and treatment
Tracheae were harvested as previously described (167). Briefly, tracheae were
removed from euthanized mice and placed in serum-free M199 media (Gibco, Grand
Island, NY). Rings were cut from each trachea and placed in 35-mm culture dishes,
incubated for 30 min at 37 °C and 5% CO2, equilibrated to 25 °C for 10 min and assayed
for CBF. Ethanol (100 mM) was added to the experimental group and allowed to
incubate for 10 days. On day 9 at hour 23, the phosphatase inhibitor, Inhibitor-2 (10 µM),
was added (or not) into the medium to be incubated with the tissue in each condition.
After 1 hour incubation with I-2, baseline CBF was recorded, then procaterol (100 nM), a
β-agonist, was used to stimulate CBF for 1 hour. Tracheal rings were then removed from
37°C for 10 minutes and allowed to equilibrate to 25°C, followed by final CBF analysis.
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Cultured ciliated cells
Ciliated mouse tracheal epithelial cells (MTEC) were cultured using an air-liquid
interface (ALI) system as previously described (204). MTEC ALI were pre-incubated 24
hours with phosphatase inhibitors (2.0 nM I-2; 90 nM endothall; 100 pM deltamethrin; 20
nM fenvalerate; 50 nM cantharidic acid) followed by prolonged alcohol (ethanol)
exposure (100 mM for 24 hr). At hour 24 of alcohol exposure, a baseline CBF
measurement was recorded and then 100 nM procaterol was added to the cells and
incubated at 37°C for an additional hour. Cells were then removed from 37°C for 10
minutes and allowed to equilibrate to 25°C, followed by final CBF analysis.
Airway axoneme extraction and preparation
Airway axonemes were isolated from bovine ciliated epithelium by a modification
of a previously described method (58, 200). Briefly, isolated axonemes were extracted
from fresh bovine tracheae obtained from a local abattoir. After removing excess
adipose and connective tissue, the tracheae were washed twice with phosphate buffered
saline and incubated for 24 hours in the presence (or not) of 100 mM alcohol. The
proximal and distal tracheal ends were closed with large hemostats after the addition of
15 ml of extraction buffer containing 20 mM Tris–HCl, 50 mM NaCl, 10 mM calcium
chloride, 1 mM EDTA, 7 mM 2-mercaptoethanol, 100 mM Triton X-100, and 1 mM
dithiothreitol. Each trachea was shaken for 90 seconds and the subsequent extraction
buffer containing released axonemes was filtered through a 100 µm polyproplylene
mesh and centrifuged at 17,250 g for 7 minutes. After discarding the supernatant, the
pelleted axonemes were resuspended to a concentration of 1 mg/ml in resuspension
buffer consisting of 20 mM Tris–HCl, 50 mM KCl, 4 mM MgCl2, 0.5 mM EDTA, 1 mM
dithiothreitol (DTT), 10 mM soybean trypsin inhibitor, and 25% sucrose (w/v). Isolated
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axonemes were stimulated with 10 µM of the cell permeable analog of cyclic adenosine
monophosphate (cAMP), 8-Br-cAMP.
Experimental treatment of axonemes
Isolated axonemes were prepared for treatment by a previously described
method used by our group (200). Frozen aliquots of isolated axonemes were thawed
and maintained at 4°C on ice for up to 4 hours. For each experimental condition, isolated
axoneme samples were diluted to a final concentration of 0.25 mg/ml in microcentrifuge
tubes by adding various reagents in resuspension buffer and incubated at room
temperature in the presence or absence of phosphatase inhibitors. At each condition
measured, isolated axonemes were removed from the sample microcentrifuge tube,
pipetted onto 1 well of a 48-well polystyrene tissue culture plate along with 10 µl
resuspension buffer then placed in a Sorvall T6000D and centrifuged for 2 minutes at
400 g. Following centrifugation, the plate of isolated axonemes was returned to the
Sisson-Ammons Video Analysis (SAVA) (168) system where 10 µl aliquots of ATP and
other reagents for specific experiments and a volume of resuspension buffer were added
to equilibrate volumes between conditions. Following experimental conditions isolated
axonemes were flash frozen in sample tubes for subsequent kinase and phosphatase
assays.
Measurement of ciliary beat frequency
CBF was recorded from mouse tracheal rings and in mouse tracheal epithelial
cells cultured at air liquid interface (MTEC ALI). During CBF measurement, the
temperature of ambient room temperature was monitored and remained constant
(24 °C ± 0.5 °C). All recordings for analysis were taken with a Kodak Megaplus
310 analog/digital video camera (Eastman Kodak Motion Analysis Systems Division,
San Diego, CA). Whole-field analysis was performed and the CBF determined by
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collecting data sampled at 85 frames per second for 3 s and performing frequency
spectrum analysis using the SAVA system (168).
Phosphatase activity assays
Phosphatase activity was assayed from axonemes prepared from bovine trachea
in the presence or absence of 100 mM ethanol for 24 hours using the Serine/Threonine
Phosphatase Assay Kit (EMD Millipore, Billerica, MA, Catalog #17-127). Briefly, protein
concentrations of control and treatment groups were measured by Bradford protein
assay (Bio-Rad) and normalized to equal concentrations per assay (0.2-1.8 mg/mL) by
diluting in cold Tris HCl pH 7.4. 5.0 µl of the normalized sample was diluted in a
phosphatase reaction buffer containing final reaction concentrations of 50 mM HEPES
10 mM NaCl, 2mM DTT, 0.01% Brij 35, pH 7.5 at 25°C and 1 mM MnCl2. 20.0 µl of the
sample in phosphatase buffer was added in triplicate to wells of a 96 well plate on ice.
5.0 µl of a 1.0 mM solution of the phospho-threonine-peptide [K-R-pT-I-R-R (EMD
Millipore Catalog 1#2-219)] was then added to each well to begin the reaction and
allowed to incubate at room temperature for 5 minutes. The reaction was stopped with
100 µl malachite green phosphate detection solution and allowed 15 minutes for color
development. Assay mixtures without substrate from each sample were performed in
order to eliminate background phosphate contamination. A microplate
spectrophotometer (BioTek Epoch, Winooski, VT) was used to read absorbance at 620
nm and phosphate release was determined by a standard curve generated from a
solution of 0.1 mM KH2PO4.
Cyclic nucleotide-dependent kinase activity assays
Kinase activity measurement was performed in a manner as previously described
(200). Primary MTEC ALI were prepared by removing supernatants after experimental
conditions, adding 250 µl cell lysis buffer and then flash freezing. Dishes were thawed
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and scraped into centrifuge tubes and kept on ice. The cell containing supernatant was
sonicated and centrifuged at 10,000 g at 4°C for 30 min. PKA activity was then
measured from the extracted cell or tissue sample. The isolated axoneme protein
(1 mg/ml) was measured in the presence or absence of 10 µM 8-Br-cAMP and
phosphatase inhibitors (2.0 nM I-2; 90 nM endothall; 100 pM deltamethrin; 20 nM
fenvalerate; 50 nM cantharidic acid) by a modification of the methods previously
described (200) using a reaction mix consisting of 130 mM PKA heptapeptide substrate
in a buffer containing 20 mM Tris–HCl (pH 7.5), 100 µM IBMX, 20 mM magnesiumacetate, and 200 µM [γ−32P] ATP. Each experiment was conducted 3 separate times
(n = 3) and the results were expressed as the mean ± SEM for each data point.
Significance was determined using a 1-way ANOVA and accepted at the 95%
confidence interval if the P value <0.05. PKC activity was determined as previously
described (204).
In Vitro Axoneme Protein Phosphorylation Assays
Isolated axonemes (15 µL) were in vitro phosphorylated with 3 µL of 10X reaction
buffer consisting of 200 mM Tris-HCl (pH 7.4), 200 mM Mg Cl2, 4.5 mg/mL bovine serum
albumin and 2.0 mM ATP with the final volume (30 µL) brought up in cilia resuspension
buffer. The following final concentrations were either added or left out of the reaction
mix: 8-Br-cAMP (10 µM), PKA (0.15 µg diluted in c-subunit dilution buffer consisting of
50 mM K2HPO4 (pH 6.8), 0.1 mM DTT, 0.9 mg/ml BSA), PKI (2.5 µg; pre-incubated for 5
min at 30°C), Inhibitor-2 (130 nM; pre-incubated for 5 min at 30 °C). Each reaction
mixture contained 15 µCi 32P-ATP per 25 µL sample volume, diluted in reaction buffer.
The reaction assay was incubated for 10 min at 30°C and reactions halted by boiling in
SDS-2ME for 5 min at 95°C. Proteins were loaded onto a precast 4-20% Tris-HCl SDS
gel (Bio-Rad) and electrophoresed at 100V until the dye front was extruded from the
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bottom of the gel. Gels were stained in 0.1% Coomassie Blue R250 (BioRad) in 10%
acetic acid, 50% methanol, destained, dried, and exposed to autoradiographic film.
Resolved bands were analyzed using a BioRad Gel-Doc and densitometry performed
using NIH-Image J.

RESULTS
Prolonged alcohol increases phosphatase activity in isolated airway cilia
axonemes.
The key role of phosphorylation events in AICD led us to hypothesize that
phosphatase activity is increased at the cilia organelle level by alcohol (161, 162). To
test this hypothesis, we directly measured axoneme preparation phosphatase activity
after prolonged alcohol exposure. Prolonged alcohol exposure triggered a 2-fold (51.85
± 4.83 versus 25.93 ± 3.24 pmol phosphate/min; n = 14 for both groups; P = 0.002,
respectively) increase in phosphatase activity compared to alcohol naïve axonemes
(Figure 2.1). In biologic systems, phosphatases are often important in the
dephosphorylation of kinase substrates (126). Previous data has implicated
desensitization of kinases in AICD, specifically PKA as the rate-limiting enzyme (167,
200). The phosphatase-kinase relationship led us to determine the role of phosphatase
inhibition on PKA activity.
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Figure 2.1 Prolonged alcohol increases phosphatase activity in isolated airway
cilia axonemes.
Prolonged alcohol exposure (100 mM x 24 hours) stimulated a 2-fold increase in
axoneme phosphatase activity versus axonemes extracted from alcohol-naïve tracheae
(52 ± 5 versus 26 ± 3 pmol phosphate/min; n = 14 for each group; P = 0.0002,
respectively).
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Inhibition of PP1 phosphatase specifically blocks prolonged alcohol-associated
PKA desensitization in MTECs at ALI.
We have shown that the increase in CBF due to procaterol stimulation is an
enzyme-mediated event dependent on the nitric oxide-mediated activation of guanylate
cyclase (GC), generation of cyclic guanine monophosphate (cGMP) and subsequent
activation of Protein Kinase G (PKG) to act on Protein Kinase A (PKA) as well as the
beta adrenergic activation of adenylate cyclase (AC), generation of cyclic adenosine
monophosphate (cAMP) and subsequent activation of PKA (97, 200). Alcohol utilizes
these dual cGMP- and cAMP-dependent pathways to sequentially activate CBF
following brief alcohol exposure (26). Therefore, we hypothesized that phosphatase
activation from prolonged alcohol exposure, as seen with AICD, ultimately alters PKA
activity in the CBF stimulatory pathway. To test this hypothesis, MTEC ALI exposed to
prolonged alcohol (24 hours with 100 mM EtOH) were incubated with an array of
phosphatase inhibitors. In the absence of phosphatase inhibitors, no increase in
baseline PKA activity resulted from stimulation with 100 nM procaterol in alcohol-treated
MTEC ALI (Figure 2.2). Interestingly, only the inhibitor cantharidic acid, which
demonstrates promiscuous PP1 and PP2A inhibition, restored procaterol-stimulated
PKA activity in AICD (Figure 2.2A). Incubation with the PP2B inhibitors, fenvalerate and
deltamethrin, showed no significant change from MTEC ALI cultured in media alone or
upon stimulation in the absence of phosphatase inhibitors (Figure 2.2B and C).
Interestingly, endothall, a PP2A inhibitor, demonstrated a small but significant increase
in PKA activity without stimulation (61.2 ± 9.1 pmol/min/mg vs. 82.3 ± 15.7 pmol/min/mg;
P <0.01), but no increase from control upon procaterol stimulation (Figure 2.2D). These
data indicate that PP1 inhibition is closely associated with AICD reversal of PKA activity
in MTEC ALI.

43

Effect of phosphatase inhibitors on alcohol-induced PKA desensitization
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Figure 2.2 Inhibition of protein phosphatase 1 (PP1) specifically blocks prolonged
alcohol-associated PKA desensitization in mouse tracheal epithelial cells (MTECs)
at the air-liquid interface (ALI).
PKA activity was determined in MTEC ALI incubated for 24 hours with or without 100
mM EtOH and stimulated with 100 nM procaterol in the presence (white bar) or absence
(black bars) of specific phosphatase inhibitors: (A) cantharidic acid (Can) a PP1 and
PP2A inhibitor; (B) fenvalerate (Fen) & (C) deltamethrin (Delta) inhibitors of PP2B; and
(D) endothall (Endo), a PP2A inhibitor.
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PP1 inhibition by Inhibitor-2 restores PKA sensitivity to alcohol and cAMP in
MTECs at ALI.
Due to the phosphatase inhibition-mediated restoration of PKA activity only by
phosphatase inhibitors with activity toward PP1, we hypothesized that Inhibitor-2 (I-2) an
endogenous and highly specific inhibitor of PP1 could restore PKA activity in AICD. To
test this hypothesis we measured cAMP-dependent kinase (PKA) activity following the
addition of 8-bromoadenosine 3’, 5’-Cyclic Monophosphate (8-Br-cAMP), a cell
permeable analog of cAMP. We found that PKA activity increased from 59.5 ± 6.9
pmol/min/mg to 185.2 ± 12.3 pmol/min/mg (P <0.05) in media only cultured MTEC ALI. A
similar increase was seen in naïve MTEC ALI pre-incubated with I-2 (Figure 2.3).
Importantly, after prolonged alcohol exposure, PKA activity did not increase upon the
addition of 8-Br-cAMP (Figure 2.3). This is consistent with our previous data suggesting
PKA activity as a key component of the cilia stimulation pathway impaired in AICD (23).
In contrast, I-2 incubated, alcohol-exposed MTEC ALI showed a significant increase in
8-Br-cAMP-stimulated PKA activity (46.3 ± 11.2 pmol/min/mg versus 113.5 ± 15.1
pmol/min/mg (P < 0.05) (Figure 2.3). This increase was, however, significantly less (P <
0.001) than the 8-Br-cAMP stimulated PKA activity from alcohol-naïve axonemes
receiving no treatment or I-2 alone. These findings suggest that the cyclic nucleotidedependent kinase, PKA is downstream of PP1 action and key to the mechanism of
AICD. The finding that PKA activity in AICD can be restored by PP1 inhibition led us to
determine if PP1 inhibition could restore CBF in AICD.
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Figure 2.3 PP1 inhibition by Inhibitor-2 restores PKA sensitivity to alcohol and
cAMP in MTECs at ALI.
MTECs at ALI were cultured in control medium (serum free M199, Gibco) with and
without alcohol exposure (100 mM) for 24 hours co-incubated (or not) with I-2. Kinase
activity (vertical axis, pmol/min/mg) was measured after the addition of 10 µM 8-BrcAMP (cAMP), a PKA stimulus (black), or not (white), for all conditions.
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PP1 inhibition reverses alcohol-induced ciliary dysfunction (AICD).
Ciliary beat frequency (CBF) measured in tracheal rings extracted from naïve
mice tracheae increased from 7.2 Hz ± 0.8 Hz vs. 9.8 ± 0.9 Hz (P < 0.05) with the
addition of 100 nM procaterol. In contrast, tracheal rings from 10-day alcohol-exposed
mice tracheae did not demonstrate a significant change in CBF with the addition of 100
nM procaterol (Figure 2.4A). These results are consistent with previous data describing
stimulus desensitization of airway cilia by chronic alcohol exposure, indicating alcoholinduced ciliary dysfunction (AICD) (161, 202-204). Strikingly, after being incubated with
phosphatase inhibitor, Inhibitor-2 (I-2), EtOH-exposed tracheae maintained a 100 nM
procaterol stimulated increase in CBF similar to tracheal rings from naïve tracheae in
media alone and naïve tracheae pre-incubated with I-2 alone (Figure 2.4A). Similar
results were obtained in mouse tracheal epithelial cells cultured at air liquid interface
(MTEC ALI) (Figure 2.4B). The endogenous protein phosphatase 1 inhibitor, I-2,
reverses AICD in mouse tracheal rings as well as MTEC ALI, and suggests that alcohol
decreases normal stimulation of CBF through a PP1-dependent mechanism. Having
established that AICD is tightly linked to PP1 activity, we next sought to determine if PKA
desensitization by alcohol occurred at the cilia organelle level.
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Figure 2.4 PP1 inhibition reverses EtOH-induced ciliary dysfunction (AICD).
A) Tracheal rings from alcohol naïve mice tracheae were incubated in medium alone
(serum free M199; Gibco) or medium with 100 mM ethanol (EtOH) for 10 days. At the
end of day 9 tracheal rings were incubated as previously described with the addition of
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2.0 nM Inhibitor-2 (I-2) or medium alone for 1 hour. Ciliary beat frequency (CBF) was
then measured in each condition at baseline (white) and after the addition of 100 nM
procaterol for 1 hour (black). B) Mouse tracheal epithelial cells cultured at air liquid
interface (MTEC ALI) were incubated 24 hours in the presence or absence of 2.0 nM I-2
and then co-incubated with 100 mM EtOH for an additional 24 hours. Ciliary beat
frequency (CBF) was then measured in each condition at baseline (white) and after the
addition of 100 nM procaterol for 1 hour (black) for both A and B.
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PKA responsiveness is restored by PP1 inhibition in isolated cilia extracted from
tracheae exposed to prolonged alcohol.
Brief alcohol exposure activates PKA resulting in stimulated CBF while prolonged
alcohol exposure desensitizes cilia in AICD (202). Another cilia-associated kinase,
protein kinase C (PKC), is known to slow CBF (5, 204). Since both kinases are present
in isolated axoneme preparations (174, 204), we hypothesized that alcohol differentially
activates PKA vs. PKC in isolated cilia related to PP1 activation. To test this hypothesis,
alcohol-exposed axonemes derived from prolonged alcohol-exposed bovine tracheae
were assayed for PKA and PKC activities stimulated by 8-Br-cAMP in the presence and
absence of phosphatase inhibitors (Figure 2.5A). Inhibitors selecting for PP1 (I-2 and
cantharidic acid) resulted in an increase in PKA activity following 8-Br-cAMP activation of
prolonged alcohol-exposed isolated axonemes. Pre-incubation with PP2A, or PP2B
phosphatase inhibitors did not restore 8-Br-cAMP-stimulated PKA activity in alcoholexposed axonemes. As a negative control, PKC activity did not significantly change with
the presence or absence of phosphatase inhibitors (Figure 2.5B). These data further
suggest the presence of an axoneme dephosphorylation target of PP1 with a role to
inhibit axoneme PKA activity.
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Figure 2.5 PKA responsiveness is restored by PP1 inhibition in isolated cilia
extracted from tracheae exposed to prolonged alcohol (100 mM for 24 hrs).
A) Isolated cilia, harvested from bovine tracheae exposed to 100 mM EtOH before cilia
harvest, were then stimulated by 8-Br-cAMP (cAMP; 10 µM) in the presence or absence
of I-2, a PP1 inhibitor; cantharidic acid, a PP1 and PP2A inhibitor; fenvalerate &
deltamethrin, inhibitors of PP2B; and endothall, a PP2A inhibitor, followed by PKA
activity measurements. B) As a negative control, PKC activity was measured in the
same alcohol-exposed cilia samples with and without the same phosphatase inhibitors
as in A.
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PP1 inhibition enhances axoneme PKA-target protein phosphorylation.
The specific desensitization of PKA activity following prolonged alcohol exposure
in the axoneme preparation led us to hypothesize that the target of PP1 resides in the
isolated cilia axoneme preparation. To test this hypothesis, we identified phosphorylation
changes by in vitro phosphorylation of naïve axoneme preparations in the presence or
absence of I-2 (0.1 - 1.0 x 103 nM). A protein at 41-kDA was dose-dependently
phosphorylated in the presence of PP1 specific inhibition (I-2; Figure 2.6A). The
phosphorylation of the 41-kDA protein was not affected by other phosphatase inhibitors
suggesting PP1-specific dephosphorylation (Figure 2.6B). Incubation with I-2 resulting in
increases of both CBF and PKA activity led us to hypothesize that upstream activation of
PP1 modulates PKA-dependent phosphorylation of specific cilia axoneme substrates. To
test this hypothesis, PKA in naïve axonemes was stimulated by 8-Br-cAMP or inhibited
by a protein kinase inhibitor (PKI) in the presence or absence of I-2, then analyzed by in
vitro protein phosphorylation (Figure 2.6C). 8-Br-cAMP stimulation of isolated cilia
axonemes caused phosphorylation of a 29-kDa protein. The addition of PKA
holoenzyme also intensified the phosphorylation of a 29-kDa protein. In contrast, 8-BrcAMP in the presence of a protein kinase inhibitor (PKI) was similar to control.
Combined, these results suggest the 29-kDa protein is a downstream target of PKA.
Intriguingly, when pre-incubated with I-2, the addition of 8-Br-cAMP resulted in the
appearance of the 29-kDa phosphorylated protein, which was significantly more intense
than with 8-Br-cAMP alone (23 x 103 ± 7.4 x 103 vs. 8.6 x 103 ± 1.2 x 103; P < 0.05) and
similar to the addition of the PKA holoenzyme (Figure 2.6C). These data suggest PP1
inhibits PKA-dependent axoneme target phosphorylation.
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Figure 2.6 PP1 inhibition dose responsively allows phosphorylation of a 41-kDa
ciliary protein.
A) In vitro phosphorylation analysis and densitometry of a 41-kDa phosphorylation target
in axoneme preparations incubated 1 hour with 0.01-1000 nM I-2. The 55-kDa band
corresponds to β-tubulin as a loading control. B) PP1 inhibition specifically allows
phosphorylation a 41-kDA axoneme substrate. In vitro phosphorylation analysis and
densitometry of a 41-kDa phosphorylation target in axoneme preparations with the
presence of various phosphatase inhibitors. The 55-kDa band corresponds to β-tubulin
as a loading control. C) PP1 inhibition enhances axoneme PKA-target protein
phosphorylation. In vitro phosphorylation analysis and densitometry 41-kDa and 29-kDa
phosphorylation targets before and after 8-Br-cAMP (cAMP) stimulation of naive
axonemes pre-incubated with medium only, I-2 or the PKA specific protein kinase
inhibitor, PKI and then compared to addition of PKA holoenzyme. The 55-kDa band
corresponds to β-tubulin as a loading control.
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Alcohol inhibits PKA-dependent phosphorylation of a 29-kDa substrate that is
restored by PP1 inhibition.
The findings of a PP1-inhibitable 29-kDa PKA target in naïve axonemes led us to
hypothesize that this target links PP1 activation with prolonged alcohol exposure (AICD)
PKA activity. To test this hypothesis, we performed in vitro substrate phosphorylation
gels for phosphorylation on alcohol-exposed tracheal-derived axonemes in the presence
and absence of I-2 before and after 8-Br-cAMP stimulation. Interestingly, prolonged
alcohol-exposed axonemes showed decreased 8-Br-cAMP-dependent phosphorylation
of a 29-kDa compared to naïve axonemes (2.8 x 103 ± 1.1 x 103 vs. 17 x 103 ± 9.8 x 103;
P < 0.05) (Figure 7). These data are consistent with our finding that PKA activity is
decreased in prolonged alcohol-exposed cilia axonemes. Axoneme preparations preincubated with I-2 and stimulated with 8-Br-cAMP resulted in the reappearance of the
29-kDa phosphorylation band in both alcohol-exposed and naive axoneme preparations
(Figure 2.7). The phosphorylation protein at 29-kDa did not appear in the absence of 8Br-cAMP stimulation, indicating PKA-dependent phosphorylation (Figure 2.7).
Furthermore, the 41-kDA phosphoprotein was only present in samples pre-incubated
with I-2, in both alcohol-exposed and naïve axonemes (Figure 2.7). This is consistent
with I-2 inhibition of PP1 resulting in the increased phosphorylation of the 41-kDA
protein. The increase in phosphorylation at 29-kDa reappeared only upon stimulation
with 8-Br-cAMP and pre-incubation with I-2 and not when I-2 was pre-incubated alone in
naïve or alcohol-exposed axonemes (Figure 2.7). These data recapitulate alcoholinduced PP1 activity negatively regulating PKA activity.
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Figure 2.7 Alcohol inhibits PKA-dependent phosphorylation of a 29-kDa substrate
that is restored by PP1 inhibition.
In vitro phosphorylation gel analysis and densitometry of a 29-kDa phosphorylation
target in control and prolonged EtOH exposed axoneme preparations upon stimulation
by 8-Br-cAMP (cAMP) in the presence or absence of I-2. The 55-kDa band corresponds
to β-tubulin as a loading control.

57
DISCUSSION
Our data show phosphatase inhibition restores PKA sensitivity and cilia
responsiveness, the loss of which are key features of AICD. Indeed, prolonged alcohol
drives PP1 activation, which we confirmed in experiments using specific phosphatase
inhibitors. Strikingly, the restoration of PKA dependent cilia activity by inhibition of PP1 is
conserved at the tissue, cell and organelle levels in two different species. The
localization of these key regulatory components highlights the autonomy of cilium
enzymatic regulation as part of the ciliary metabolon.
The ciliary metabolon represents a cluster of enzymes that regulate ciliary
motility, including nitric oxide synthase, cyclases and cyclic nucleotide dependent
kinases (167, 174, 200). These experiments add protein phosphatase 1 (PP1) to the
ciliary metabolon (174). To our knowledge, the finding that phosphatase activity
regulates motility in mammalian airway cilia is novel. The known relationship of kinases
with phosphatases combined with the established role of PKA as a key regulator of cilia
stimulation, led us to measure kinase activity in the presence of phosphatase inhibition.
The proximity of the kinases and phosphatases in the ciliary metabolon led us to probe
for PP1 phosphorylation targets within the cilium. We identified two protein
phosphorylation targets, including a 41-kDa protein and a 29-kDa protein to be regulated
by PP1 and PKA, respectively.
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Figure 2.8 Overview of Chapter 2
Prolonged alcohol (EtOH) activates protein phosphatase 1 (PP1) which
dephosphorylates a 41-kDa substrate, resulting in desensitization protein kinase A
(PKA), loss of p29 phosphorylation and decreased cilia beat response. HSP90 – heat
shock protein 90. NOS3 – endothelial nitric oxide synthase. I-2 – inhibitor-2. NO – nitric
oxide.
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In isolated cilia, the 41-kDa protein is only phosphorylated when PP1 is inhibited
by I-2. This is consistent with the blocking of a dephosphorylating event implicating this
protein as a target of PP1. Data from our laboratory suggest axoneme phosphorylation
events to be related to oxidant stress. Specifically, we have shown concurrent antioxidant feeding of prolonged ethanol fed mice prevents AICD (161). The next step in our
investigation is to determine the role of phosphorylation of the 41-kDA protein in PP1
inhibited conditions. HSP90 is a protein we know to exhibit differential phosphorylation in
relation to alcohol (162). In brief alcohol exposure conditions, HSP90 is phosphorylated
and activated to form a complex with NOS3, which results in increased production of
nitric oxide (•NO) and stimulates the guanylyl cyclase è cGMP è PKG activation of
PKA and subsequent increase in CBF (162). To our knowledge, there are no known
fractions of HSP90 that migrate at 41-kDa suggesting that the phosphorylation of the 41kDa protein is not related to HSP90. Furthermore, in this study, the 41-kDa protein is
only phosphorylated in conditions with I-2 but not cantharidic acid (Figure 2.6B). This is
in contrast to both PP1 inhibitors, I-2 and cantharidic acid, restoring PKA activity in AICD
(Figure 2.2 and Figure 2.3). These data suggest that the phosphorylation of the 41-kDa
protein is a non-specific phosphorylation target related to I-2, but not functionally related
to cilia beat regulation. Alternatively, the discrepancy between the appearances of the
phosphorylation of the 41-kDa protein with I-2 or cantharidic acid could be related to the
amplification characteristic of signal transduction. In other words, at the concentration of
cantharidic acid used the protein kinase activity could be restored as a result of
phosphorylation before levels of phosphorylation of the 41-kDa protein were detectable.
The phosphorylation pattern of the 29-kDa protein is different. Three key
observations point to phosphorylation of the 29-kDa protein as phosphorylated by PKA:
1) it is only phosphorylated in the presence of PKA stimulation by cAMP; 2) it is not
phosphorylated in the presence of the PKA specific kinase inhibitor, PKI; and 3) it is not
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phosphorylated in prolonged alcohol conditions following cAMP stimulation. Interestingly,
in the presence of PP1 inhibition, the 29-kDa protein is phosphorylated with prolonged
alcohol upon cAMP stimulation. While we have not characterized this protein in the
current study, previous work in Paramecium and ovine cilia models have identified the
cAMP-dependent phosphorylation of a protein of similar molecular weight (29- and 26kDa respectively) (147, 152). A 29-kDa cAMP-dependent phosphorylated protein
increases swimming speed, co-sediments with the 22S fraction of an axoneme sucrose
gradient and has been identified as the light chain of an outer dynein arm in Paramecium
(152). These data suggest that the 29-kDa protein we have identified as cAMPdependently phosphorylated is a homolog of the protein characterized in Paramecium
that displays similar function and molecular characteristics in regulation of cilia motility.
Increased PKA activity in the presence of PP1 inhibition supports our hypothesis
that PP1 activity regulates PKA. In addition, the re-appearance of the AICD evanescent
phosphorylation of the 29-kDa target of PKA, in the presence of I-2, further establishes
PP1 activity as fundamental to AICD.
In order to fully understand AICD, the mechanism of PP1 activation and these
phosphorylated proteins in cilia need to be identified.
Targeting phosphatases provides an attractive treatment strategy of AICD to
restore mucociliary clearance and prevent pulmonary infection in AUDs. Indeed,
phosphatases are an increasingly studied target of pharmacologic intervention for
diseases such as diabetes, cancer and neurological immune disorders (189). The next
step in contributing clinical relevance to our study is to demonstrate the effects of PP1
inhibition on mucociliary clearance in an in vivo model. This could be accomplished by
genetic knockout models, siRNA knockdown or continued application of PP1 specific
phosphatase inhibitors. The use of inhibitors is limiting as they often display promiscuity
in their action and targets (190). To demonstrate PP1 specific inhibition we used an
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array of inhibitors and directly measured the catalytic activity of PP1 and other
phosphatases.
In summary, PP1 activation by alcohol is a key component in the pathogenesis of
AICD. PP1 activation modifies phosphorylation of 41-kDa and 29-kDa proteins related to
PP1 and PKA activity, respectively. These data reinforce previous findings that the key
regulatory machinery of CBF resides in the ciliary metabolon and alcohol is acting at this
level to cause ciliary dysfunction.
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CHAPTER 3 – ALCOHOL DRIVES S-NITROSATION AND REDOX ACTIVATION OF
PROTEIN PHOSPHATASE 1 CAUSING ISOLATED BOVINE AIRWAY CILIA
DYSFUNCTION*
*This chapter was first published as a journal article in the American Journal of
Physiology – Lung Cellular and Molecular Physiology (136).
INTRODUCTION
Alcohol drinking is associated with an increase in pneumonia related to inhaled
pathogens (87). Individuals with a history of excessive alcohol (ethanol) use
demonstrate a decrease in exhaled nitric oxide (•NO) levels (2), suggesting diminished
NO production or a fate alternative to excretion. •NO plays key roles in airway
physiology including bronchial smooth muscle and pulmonary vascular tone, bactericidal
activity and regulation of mucociliary clearance by stimulation of ciliary beat frequency
(CBF) (118). A likely contributor to lung disease with excessive alcohol use is the
impairment of mucociliary clearance as an innate host defense mechanism.
In the context of ciliated airway epithelium lining the small airways and trachea,
consumed alcohol that has diffused into bronchial air condenses and recycles during
exhalation resulting in high and prolonged concentrations of alcohol to motile cilia (65).
Bovine ciliated airway epithelial cells exposed to alcohol generate a rapid increase in


NO production (174). Moreover, alcohol rapidly and transiently stimulates CBF at the

organelle, cellular and tissue level and this stimulation is NO-dependent through the
stimulation of soluble guanylyl cyclase (sGC) to activate protein kinase G (PKG) (201).
Concurrently, alcohol activates protein kinase A (PKA). Sequential activation of PKG
then PKA is needed for maximal stimulation of CBF by alcohol (167). In contrast,
prolonged alcohol exposure blocks cilia stimulation by β-agonists. As described in
Chapter 2, prolonged alcohol exposure activates axoneme-localized protein
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phosphatase 1 (PP1) causing desensitization of PKA and preventing an increase in CBF
(137). The mechanism of PP1 activation by alcohol exposure is unknown.
Chronic alcohol drinking shifts the lung reduction/oxidation (redox) balance by 1)
altering the NAD+/NADH ratio necessary to mediate coupled electron transfer controlling
oxidant formation; and 2) depleting the levels of the antioxidant reduced glutathione
within the alveolar space by as much as 80–90% (15, 84). These redox imbalances lead
to generation of reactive oxygen species (ROS), such as superoxide (O2-) and increase
lung susceptibility to aberrant oxidant-mediated signaling (84, 134). Gaining increasing
appreciation as a post-translational protein modification in the airway is the reversible
oxidation of thiol residues by nitrogen oxides to generate S-nitrosothiol (SNO), or Snitrosation (62).
The combination of alcohol and peroxynitrite (the product of the reaction of O2- +


NO) results in the in vivo formation of ethyl nitrite (33). Ethyl nitrite drives SNO formation

of endogenous proteins at levels formed with biologically relevant concentrations of
alcohol (121). Therefore, we hypothesized that alcohol shifts the airway cilia proteome to
a S-nitrosated phenotype. To test this hypothesis, we characterized changes in Snitrosation in isolated axonemes extracted from bovine tracheae exposed to alcohol. We
used a previously established highly sensitive quantitative proteomics approach, sitespecific high-throughput identification of protein S-nitrosation (SHIPS) (112) to identify
that 24 h in situ alcohol exposure alters the axoneme S-nitrosoproteome. We found that
alcohol robustly promotes S-nitrosation of key cilia regulatory proteins such as protein
phosphatase 1 (PP1). We demonstrate that in situ alcohol exposure-driven S-nitrosation
of PP1 is associated with PP1 activation and desensitization of isolated demembranated
axonemes to cyclic adenosine monophosphate (cAMP)-mediated stimulation of CBF.
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MATERIALS AND METHODS
Chemicals and Reagents
Ammonium bicarbonate, calcium chloride (CaCl2) standard solution (1 M),
sodium chloride (NaCl), urea, HEPES, NP-40, EDTA, PMSF, thiopropyl-sepharose 6B
resin, Sodium ascorbate, Dithiothreitol (DTT) and iodoacetamide (IAA) were purchased
from Sigma-Aldrich (St. Louis, MO). Thiourea was from Acros Organics (Morris Plains,
NJ). Sequence grade trypsin solution was from Promega (Madison, WI). Acetonitrile was
purchased from Honeywell Burdick & Jackson (Muskegon, MI). Phosphate buffered
saline (PBS), Dulbecco’s modified Eagle's medium (DMEM) and fetal bovine serum
(FBS) were purchased from Mediatech (Herndon, VA). Tris buffer, penicillin/streptomycin
(P/S) and neocuproine (1.10-phenanthroline) was from Invitrogen (Carlsbad, CA).
Coomassie protein assay reagent was purchased from Thermo Fisher Scientific
(Rockford, IL).
In situ treatment of bovine tracheae and airway axoneme extraction
No live animals were used in the course of this research. Excess tissue from a
local abattoir was received under agreement and approval from the United States
Department of Agriculture for use in this study. Bovine tracheae obtained from a local
abattoir were treated with or without 100 mM alcohol and axonemes prepared as
previously described (137, 200). To preserve SNO bonds, axoneme preparation
samples were homogenized in a 1:15 volume of ice-cold homogenization buffer
consisting of 8 M urea, 25 mM HEPES, 50 mM NaCl, 1 mM EDTA, 0.1 mM neocuproine,
1% NP-40, 0.5 mM PMSF plus protease inhibitor cocktail, at pH 7.4.
Light Restriction
To the extent possible, all steps up through the reduction of the SNO bond with
ascorbate were performed in the dark to minimize photo-degradation of the SNO bond.
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S-nitrosothiol content
Total S-nitrosothiol content was assessed by a combination of the methods of
Griess and Saville (53). In brief, axonemes isolated from alcohol or control trachea were
normalized to 0.25 µg/mL protein and then incubated for 10 minutes with or without 20
mM HgCl2. Total nitrite was then measured suing the Nitrate/Nitrite Colorimetric Assay
Kit (Cayman) according to the manufacturer’s instructions. The difference between nitrite
concentrations with and without addition of HgCl2 was taken as the concentration of
SNO.
Mass Spectrometry Sample preparation
Proteomic analysis was performed on axonemes extracted from a single bovine
trachea that was cut in half and each half treated with media plus 100 mM alcohol for 24
h or media alone and axonemes isolated as described above. In brief, following airway
axoneme isolation, for proteomics analysis, axoneme samples were homogenized in a
1:15 volume of ice-cold homogenization buffer consisting of 8 M urea, 25 mM hepes, 50
mM NaCl, 1 mM EDTA, 0.1 mM neocuproine, 1% NP-40, 0.5 mM PMSF plus protease
inhibitor cocktail (Sigma), at pH 7.4. S-nitrosated peptides enrichment was performed as
previously described (112) and the LC-MS/MS experiment was performed on an inhouse built nanoLC system (215) and an LTQ-Orbitrap mass spectrometer equipped
with a nanoelectrospray ion source (Thermo Scientific, Waltham, MA). The nanoLC
columns were prepared as previously described (112). Exponential gradient elution was
performed by increasing the mobile phase from 0 to 60% B over 100 min. To identify the
eluting peptides, the mass spectrometer was operated in the data-dependent mode to
automatically switch between a full MS scan followed by 10 MS2 scans. Survey full scan
MS spectra (from m/z 300 to 2,000) were acquired in the LTQ-Orbitrap with resolution of
6,000. The 10 most intense ions (depending on signal intensity) were sequentially
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isolated for fragmentation in the linear ion trap by collision-induced dissociation. The
capillary was maintained at 200°C, the spray voltage was kept at 2.3 kV.
Raw MS spectra were processed with DeconMSn to generate .mgf file (30). The MS2
spectra were searched with the OMSSA search engine (version 2.1.9, NCBI) (49).
OMSSA matched the MS2 fragmentation spectra with sequences from the composite
Bovine International Protein Index (IPI) (86) protein sequence database (Version 3.58)
containing normal IPI bovine proteins, commonly observed contaminants, and reverse
sequences of all proteins. In the database searching, oxidation of methionine,
carbamidomethylation and propionamidation of cysteine were set as the variable
modifications. The precursor tolerance was set as 0.2 Da and MS2 tolerance was 0.5
Da. E-value cut-off was set at 0.1. The false discovery rate (FDR) was set at 1% at
peptide level, by filtering on E-value of all forward and reversed peptide identifications.
Biotin Switch and Neutravidin Pull-down
Following axoneme isolation a modification of the biotin switch as described by
Jaffrey et al. using the Cayman Chemical S-nitrosylated Protein Detection kit to label
and detect SNO bonds as per manufacturer’s instructions with and without pre-exposure
to ultraviolet light (366 nm) using a handheld Mineralight lamp to act as a control for
specificity of S-nitrosothiol reduction (53). After biotinylation, protein concentrations were
determined then normalized with cold Wash Buffer. 50 µl of sample prior to Neutravidin
pull-down was saved as input protein. The remaining sample (130 µl) was added to 1.5
mL tubes and biotinylated proteins isolated by Neutravidin according to the
manufacturer’s protocol. To elute the biotinylated sample the resin was resuspended in
5-resin bed volumes of Laemlli Buffer (BioRad) containing 5 % β-mercaptoethanol and
boiled at 100°C for 10 min.
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SDS-PAGE and Western blot
SDS-PAGE was based on the method previously described using precast 4-20%
Tris-HCl gels (Bio-Rad Laboratories; Hercules, CA) (162) with 5 µg of input ciliary protein
or 50 µl of Neutravidin elute. After SDS-PAGE, proteins were transferred to
nitrocellulose, incubated with Ponceau S reagent (Amresco) for 10 minutes, rinsed twice
with deionized water and scanned. After two subsequent rinse steps the membranes
were blocked with wash buffer (0.005 M Tris, 0.15 M NaCl, 0.005% Tween-20, pH 7.5)
with 3% BSA then incubated with the primary antibodies: PP1α (anti-mouse; Santa Cruz:
7482), SR1 (anti-rabbit; Novus: NBP2-24479SS), or SPAG6 (anti-rabbit; Novus: NBP220462) diluted (1:1000) in wash buffer overnight at 4°C. The membranes were then
washed three times with wash buffer followed by incubation with horseradish peroxidase
(HRP) conjugated secondary antibodies (Goat anti-Rabbit or Rabbit anti-Mouse; Sigma)
diluted (1:10,000) in wash buffer with 3% BSA for 1 h at room temperature with shaking.
Proteins were identified using SuperSignal West femto Substrate (Pierce; Rockford, IL)
and exposing the membranes to autoradiography film or a Li-Cor C-Digit Blot Scanner.
Protein Phosphatase Activity
Phosphatase activity was determined as previously described using the Ser/Thr
Phosphatase Assay Kit 1 (KR-pT-IRR; EMD Millipore) (137). Isolated axonemes from
Naïve or EtOH treated tracheae were incubated with 30 µM ascorbate for 10 min, or
were pre-incubated with 2.0 nM Inhibitor-2 (I-2) prior to adding the K-R-pT-I-R-R peptide.
Once the peptide was added the reaction was incubated for 10 min at room temperature
and stopped with Malachite Green.
Ciliary beat frequency
Ciliary beat frequency (CBF) of isolated axonemes was assessed as previously
described and readings reported after 5 minutes initiation of motility (200). Ascorbate
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was prepared by first diluting to 1 M in ddH2O and then diluted to 5X the indicated final
concentration in cilia resuspension buffer. CBF data are represented as the mean
frequency (Hz) ± standard of the mean (S.E.M.) at 5 min post addition of cilia activation
buffer.
Statistics
One-way analysis of variance (ANOVA) with post-hoc Tukey’s test statistics were
performed in GraphPad Prism 6.0. Statistical significance was set at a P-value of less
than or equal to 0.05 (p ≤ 0.05).

RESULTS
Alcohol shifts the S-nitrosoproteome of airway axoneme proteins.
We hypothesized that alcohol exposure increases axoneme S-nitrosation. To test
this hypothesis, we quantified and compared SNO content between isolated
demembranated axonemes extracted from alcohol naïve or 24 h alcohol (100 mM)exposed bovine tracheae (Figure 3.1A). Total S-nitrosothiol content was increased in
axonemes extracted from alcohol-exposed tracheae compared to naïve (240.6 ± 52.4
vs. 115.5 ± 14.4 nM/mg, p = 0.0502, n = 5). We then sought to determine which specific
axoneme proteins showed differential S-nitrosation with alcohol compared to control. We
identified 1,001 potential S-nitrosated sites on 622 S-nitrosated proteins (Figure 3.1B).
There are 426 shared S-nitrosated sites, 240 shared S-nitrosated peptides and 343
shared S-nitrosated proteins between the control and alcohol treated samples (Figure
3.1B). Unique S-nitrosation sites were observed on similar peptides for different proteins
in both groups. These data suggest that alcohol exposure shifts the S-nitrosoproteome
of airway axonemes.
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To quantify the relative abundance of S-nitrosation between the alcohol-exposed
and alcohol-naïve samples on individual proteins, we compared the normalized spectral
abundance factor (NSAF) between the groups. The highest relative changes in Snitrosation with alcohol exposure are among proteins that demonstrate increased Snitrosation (Figure 3.1C). A disproportionately high number of proteins demonstrated 5fold or greater increases in NSAF with alcohol compared to control. Strikingly, 9 proteins
in the alcohol-exposed axonemes demonstrated >20-fold NSAF increases compared to
control axonemes (Figure 3.1C). Interestingly, only one protein, dynein heavy chain 6,
(DNAH6) had spectral counts >20-fold higher in the control samples compared to the
alcohol-exposed axonemes (Figure 3.1C).
In addition to those demonstrating a >20-fold increase in NSAF, 18 additional
proteins identified from the alcohol group had NSAF counts greater than 5-fold higher
than control (Figure 3.1C). Unlike increases in S-nitrosation, only one other protein,
sperm associated antigen 6 (SPAG6; decreased 7.28-fold) demonstrated a greater than
5-fold reduction with alcohol exposure compared to control. The remaining proteins
demonstrated less than 5-fold decrease in S-nitrosation with alcohol exposure. The
biotin switch technique performed in the absence of ascorbate, or on samples prephotolyzed with UV light to control for artefactual labeling (Figure 3.1D) was used to
validate S-nitrosation of select proteins including PP1 (Figure 3.1E).
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Figure 3.1 Alcohol exposure drives S-nitrosation of key motility regulatory
enzymes in bovine airway axonemes.
A) Axonemes extracted from bovine tracheae exposed to 100 mM alcohol (EtOH)
contain more S-nitrosothiol content compared to axonemes from alcohol-naïve (Naïve)
bovine tracheae (240.6 ± 52.36 vs. 115.5 ± 14.36 nM/mg, n = 5). B) A total of 1,001
putative S-nitrosated (SNO) sites (cysteine residues) on 660 peptides corresponding to
622 SNO proteins were identified (Naïve sample and Ethanol (EtOH) [100 mM X 24 h]
treated sample). There are 426 shared SNO sites, 240 shared SNO peptides and 343
shared SNO proteins between the Naïve and EtOH treated samples. C) Fold change
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increase or decrease in S-nitrosation in EtOH compared to Naïve identified peptides
quantified by normalized spectral abundance factor (NSAF). The fold change in SNO
increase was calculated by dividing Ethanol by the Naïve sample NSAF (E/C). The fold
change SNO decreased was calculated by performing the inverse (E/C-1) of values less
than 1. Inset tables list the proteins (with gene names) identified with the indicated NSAF
ratio, specific peptides detected and cysteine residues modified from the Bovine
International Protein Index. *No peptides observed for protein phosphatase 1 (PP1) were
isoform unique and therefore all peptides for PP1 were counted as one protein. Proteins
that had ambiguous spectral counts or were sample unique are categorized as N/A.
Proteomic analysis are representative of replicate analysis performed on axonemes
extracted from a single bovine tracheae that was cut in half and each half treated with
media plus 100 mM alcohol for 24 h or media alone. D) Left, Axoneme proteins
extracted from Naïve (lanes 1-4) or EtOH (lanes 5-8) treated bovine tracheae labeled for
total S-nitrosation by the Biotin Switch Technique in the presence (lanes 1, 3, 4, 5, 7, 8)
or absence (lanes 2 and 6) of ascorbate or pre-photolyzed with UV light (lanes 4 and 8)
as a control and assessed by avidin-HRP overlay. Right, Poncaeu S staining as a
loading control for the biotin switch assay. E) Total and S-nitrosated PP1 was then
determined by Neutravidin pull-down and immunoblot demonstrating increased Snitrosation of protein phosphatase 1 (PP1). Quantification of S-nitrosation by
densitometry is represented as the average ± S.E.M. of three independent experiments,
one bovine trachea split into two parts for each experiment. *, p ≤ 0.05.
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Alcohol-induced ciliary motility dysfunction persists at the level of the axoneme
and is PP1- and oxidation-dependent.
Previous studies indicate that alcohol-induced ciliary motility dysfunction (AICD)
is PP1-dependent at the cell and tissue level, and that key ciliary kinases are inactivated
on the axoneme (Chapter 2). We hypothesized that AICD is persistent at the organelle
level. To test this hypothesis, we reactivated naïve and alcohol-exposed axonemes with
ATP and then stimulated with cAMP and measured CBF with or without the PP1 specific
inhibitor, recombinant Inhibitor-2 (I-2). Baseline ATP-reactivated CBF was not
statistically different between alcohol-exposed and alcohol-naïve axonemes (4.22 ± 0.16
Hz and 4.70 ± 0.20 Hz, respectively) and PP1 inhibition did not alter baseline CBF
(EtOH, 3.97 ± 0.19 Hz; naïve, 4.30 ± 0.21 Hz) with either condition (Figure 3.2A).
Alcohol exposure blunted stimulated CBF compared to naïve (4.70 ± 0.30 Hz and 6.08 ±
0.15 Hz, respectively, p < 0.05, n = 3) (Figure 3.2A). I-2 restored CBF responsiveness to
cAMP in alcohol-exposed axonemes to levels similar to control (EtOH + I-2, 5.90 ± 0.29
Hz compared to Naïve + I-2, 6.33 ± 0.35 Hz, p < 0.05, n = 3) (Figure 3.22A).
To understand the functional role of S-nitrosation as an oxidative posttranslational modification, we performed isolated axoneme motility assays with the
addition of the reducing agent sodium ascorbate (ascorbate; 0.3-3,000 µM). Ascorbate is
an antioxidant known to selectively reduce SNOs (76). Ascorbate dose-dependently
restored CBF responsiveness to cAMP in axonemes that had been exposed to alcohol
(0.3 µM, 4.303 ± 0.081 Hz; 3 µM, 5.92 ± 0.04 Hz; and 6.05 ± 0.37 Hz, n = 3) (Figure
3.2B). Interestingly, high-doses of ascorbate (3 mM) completely stopped ciliary beating
in both alcohol-treated and alcohol-naïve axonemes (data not shown), likely due to the
pro-oxidant hydrogen peroxide (H2O2) capacity of ascorbate at elevated concentrations
(25). Ascorbate at lower doses did not significantly affect baseline CBF in alcohol-
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exposed (4.21 ± 0.40 Hz) or alcohol-naïve (3.76 ± 0.06 Hz) axonemes and did not affect
CBF in naïve-stimulated axonemes (6.44 ± 0.20 Hz) (Figure 3.2B).
Alcohol-induced PP1 activation is associated with S-nitrosation.
We next sought to understand the relationship of PP1 S-nitrosation with its
activation by prolonged alcohol-exposure. To explore this relationship we measured
phosphatase activity from alcohol-treated or alcohol-naïve isolated axonemes after in
vitro treatment with ascorbate (relatively specific for SNO bonds) or with the PP1 specific
inhibitor, I-2, in parallel. Alcohol stimulated PP1 activity and increased S-nitrosation
compared to the alcohol-naïve control (Figure 3.2C and D). Ascorbate and I-2
independently attenuated phosphatase activity in alcohol-treated compared to alcoholnaïve isolated axonemes (Figure 3.2C). No change in PP1 activity was observed in
alcohol-naïve axonemes treated with ascorbate (Figure 3.2C). S-nitrosation of PP1 was
attenuated by ascorbate, which was extinguished with UV prephotolysis associating PP1
activation with S-nitrosation status (Figure 3.2D).
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Figure 3.2 Activation and S-nitrosation of PP1 are associated in isolated cilia
motility dysfunction.
A, B) Axonemes isolated from Naïve or EtOH treated bovine tracheae were, centrifuged
onto a 96-well plate and reactivated with ATP (2.5 mM; Baseline) and then stimulated
with cyclic adenosine monophosphate (cAMP; 10 µM) in the presence or absence of the
PP1 inhibitor, Inhibitor-2 (I-2; 2 nM) (A). Alternatively, isolated axonemes were preincubated with ascorbate (0.3, 3, 30, and 300 µM) and reactivated with ATP in the
presence or absence of cAMP (B). Ciliary beat frequency (CBF; Hz) was obtained by
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capturing axoneme bending with high-speed video microscopy at 30X and analyzed by
Sisson Ammons Video Analysis (SAVA) software after 5 min incubation with all reagents
present in each condition. Data are represented as the average ± S.E.M for CBF at t=5
min from 3 bovine tracheae with three technical replicates each. *, p < 0.05. C)
Phosphatase activity of Naïve and EtOH isolated axonemes in the presence or absence
of additional dithiothreitol (ascorbate; 30 µM for 10 min) or I-2 (2 nM) determined by
colorimetric change of Malachite Green after incubation with Serine/Threonine
phosphatase specific peptide, K-R-pT-I-R-R. Data are represented as the average ±
S.E.M for phosphatase activity assays performed in duplicate from 5 cow tracheae. D)
S-nitrosation of PP1 determined by the Biotin Switch Technique (BST). Isolated
axoneme proteins were incubated as in B and then subjected to the BST with or without
ascorbate as a control. Densitometry data are represented as the average ± S.E.M. of
immunoblots performed in duplicate for 3 bovine tracheae. *, p < 0.05. E) Proposed
model of PP1 activation by alcohol. Prolonged alcohol exposure drives increased
reactive oxygen and reactive nitrogen species (ROS/RNS) resulting in S-nitrosation and
activation of PP1 and blunting of CBF stimulation by cAMP via protein kinase A (PKA). I2, inhibitor-2.
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DISCUSSION
Our data demonstrate that 24 h 100 mM alcohol exposure alters the S-nitrosation
status of key proteins within our isolated demembranated axoneme + basal body
preparation. Indeed, alcohol exposure stimulated S-nitrosation on a total of 121 proteins,
including PP1. S-nitrosation of PP1 is correlative with its activation and subsequent
desensitization of cilia motility responsiveness. These data corroborate our previous
finding that alcohol stimulates axoneme-localized PP1 activity and highlight the novel
role of alcohol to drive oxidative signaling within the confinement of the axoneme and the
ciliary metabolon.
Tight regulation of S-nitrosation is necessary to maintain homeostatic SNO
balance within the cell. This balance is achieved by catalytic degradation of SNOs by
enzymes such as alcohol dehydrogenase 5 (class III; also known as glutathione Snitrosothiol reductase: GSNOR), thioredoxin reductase and thioredoxin (48). Moreover,
thiol-containing antioxidant proteins, such as glutathione (GSH), are important sinks for
SNOs (52). Chronic alcohol drinking shifts the reduction/oxidation (redox) balance within
the lung by 1) altering the NAD+/NADH ratio necessary to mediate coupled electron
transfer controlling the formation of free radicals; and 2) depleting the antioxidant,
reduced GSH, within the alveolar space by as much as 80–90% (15, 84). In addition,
brief alcohol exposure is known to stimulate robust nitric oxide synthase-dependent NO
production in isolated bovine axonemes (167). The production of •NO in the presence of
depleted reducing capacity is a likely mechanism through which alcohol drives Snitrosation of airway axonemes. Beyond our findings, more work is needed to elucidate
the precise role of alcohol to alter SNO production and/or metabolism.
Prolonged alcohol-exposure activates PP1, desensitizing PKA and rendering cilia
unresponsive to external stimuli such as β-agonists (137). Interestingly, PP1 was among
the most heavily S-nitrosated proteins by alcohol-exposure compared to control.
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Previous reports have identified potential roles of oxidative signaling to regulate PP1
activity (40, 89, 95, 151).
PP1 contains several elements that might render it under regulation of oxidative
mechanisms. 1) Metals (likely Fe2+ and Zn2+) are in its native active site (61). Indeed,
hydrogen peroxide (H2O2) generated by NADPH oxidase 4 has been demonstrated to
inhibit recombinant PP1 by one electron loss within a dinuclear metal center (151).
Recombinant PP1 is reversibly inactivated by H2O2, which is coincident with oxidation of
residues Cys62 and Cys105 to sulfenic, sulfinic, or irreversibly to sulfonic acid (Figure 1.1)
(89). These results are yet to be validated with native PP1 as the metals contained in
recombinant PP1 are likely different and subject to different oxidation energies (61).
Interestingly, we observed nitrosation of Cys62 only in control samples suggesting
axoneme localized PP1 is inactivated under normal conditions if nitrosation also serves
to inactivate PP1. Cys105 is nitrosated in both control and alcohol conditions suggesting
this residue is not key to the regulation of PP1 activity in the context of alcohol exposure
(Figure 3.1D). 2) PP1 contains a putative oxidoreductase active site (40). Interestingly,
one of the unique residues (Cys155) we identified as S-nitrosated in response to alcohol
on PP1 is within the putative oxidoreductase site (Figure 3.1D). In this context, the
mechanism by which S-nitrosation stimulates PP1 activity can only be speculated. Snitrosation of the oxidoreductase site could directly alter PP1 catalytic activity, or alter
binding with any of the over 250 identified binding partners of PP1 (29). While it is clear
that ascorbate coincidentally decreases PP1 activity and S-nitrosation, as detected by
the biotin switch, restoring CBF responsiveness, S-nitrosation may not be the primary
redox modification responsible for PP1 activation. The specific reduction of S-nitrosation
in our phosphatase activity and CBF experiments depends on selectivity of ascorbate.
While ascorbate does indeed preferentially cleave SNO bonds, ascorbate has also been
shown to reduce disulfides. In addition to ascorbate reversing PP1 activity, DTT, a less
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specific reducing agent more selective for disulfide bonds, also reverses alcoholstimulated PP1 activity and CBF desensitization. Despite this, our data indeed suggest
oxidation and possibly S-nitrosation of PP1 as a novel mechanism of activation in bovine
isolated airway axonemes.
Consistent with these findings, previous work in a mouse model of alcohol
feeding suggests that AICD is an oxidant-mediated mechanism. Mice that were fed 6weeks 20% w/v alcohol with concomitant antioxidants (either procysteine or N-acetyl lcysteine) were protected from ciliary dysfunction, while CBF from tracheae extracted
from those that received alcohol alone were desensitized to stimulation by β-agonists
(161). Moreover, CBF responsiveness was restored within 2 weeks of alcohol
abstinence following the 6-week alcohol feeding.
We chose 100 mM alcohol based on previous studies in our laboratory indicating
that ad libitum in vivo prolonged drinking of alcohol by mice or rats result in ciliary
dysfunction (161, 202). While the legal blood alcohol concentration (BAC) to drive in the
U.S. is ~17 mM, 100 mM is consistent with BACs of patients with chronic alcohol use
disorders (103, 179). Moreover, the condensation and recycling of alcohol as it cools,
when exhaled from bronchi, further increases and prolongs the exposure of the ciliated
airway epithelium. The characterization of alcohol-mediated S-nitrosation in our
axoneme preparation is limited to ciliary axoneme proteins. The means by which we
prepare axonemes excludes the ciliary phospholipid bilayer (58). Furthermore, Snitrosothiol bonds are notoriously evanescent and subject to both false positive and
negative detection by the inadvertent labeling of sulfenic or sulfinic acids or presence of
oxidizing metals or sunlight (photolysis) (138). The SHIPS method we have chosen for
detection employs a dual blocking strategy and photolysis to control for most of the
potential artifact in identifying S-nitrosation (112). However, alternative methods of
validation, such as demonstrated with the biotin switch technique (Figure 3.2C), and
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mutagenesis studies are needed to understand the precise relationship of S-nitrosation
to regulation of PP1 activity in the context of alcohol exposure.
In summary, we have identified that alcohol exposure drives S-nitrosation in
airway ciliary axonemes. Alcohol-driven S-nitrosation is enriched in several key cilia
regulatory proteins including PP1 that we have recently identified as key to the
mechanism of alcohol-induced ciliary dysfunction. Importantly, S-nitrosation may be a
key regulatory mechanism for ciliary motility. Alcohol drinking may be an important
driving factor of S-nitrosation to alter the physiology of innate defense via mucociliary
clearance.
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CHAPTER 4 – S NITROSATION OF PROTEIN PHOSPHATASE 1 MEDIATES
ALCOHOL-INDUCED CILIARY DYSFUNCTION
INTRODUCTION
Alcohol abuse is associated with 80,000 deaths and a ~$240 billion economic
loss per year in the United States (19, 181). Contributing to this mortal and economic
burden is the long-established association of alcohol use disorder (AUD) with increased
prevalence and severity of pneumonia (15). Individuals with AUD are approximately 3
times more likely to develop pneumonia. Moreover, patients with AUD that develop
pneumonia are twice as likely to develop sepsis, and are also at increased risk to
develop acute respiratory distress syndrome (210).
One of the first lines of defense of the lung and airways against pneumoniacausing pathogens is mucociliary clearance (183). Key to mucociliary clearance is the
coordinated movement, or beating, of motile cilia functioning as an escalator to propel
mucus-trapped pathogens out of the airway. These cilia maintain a baseline resting
frequency that, upon stimulation by mechanical or chemical stimuli, rapidly increases to
improve clearance (147). Our recent studies showed that prolonged alcohol exposure
results in dysfunction of the signaling pathway that activates this increase in ciliary beat
frequency (CBF) possibly driven by the redox post-translational modification Snitrosation of protein phosphatase 1 (PP1) (136, 137, 161).
Regulation of CBF by alcohol exposure occurs in two phases; a rapid and
transient stimulation of CBF followed by desensitization of CBF stimulation to alternative
stimuli. Initial stimulation of CBF by alcohol requires activation of sequential nitric oxide
(NO) and cAMP-dependent pathways that are intrinsic to cilia organelles, and occurs
independent of the cell (200). Upon initial exposure, alcohol increases CBF by a NOdependent mechanism requiring the endothelial isoform of NO synthase (eNOS/NOS3)
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and heat shock protein 90 (HSP90) (162). Increased NO production activates cilialocalized soluble guanylyl cyclase (sGC) driving formation of 3’,5’-cyclic guanosine
monophosphate (cGMP). Simultaneously, by an unknown mechanism, alcohol increases
soluble adenylyl cyclase (sAC) formation of 3’,5’-cyclic adenosine monophosphate
(cAMP) (43). Sequential activation of cGMP-dependent protein kinase (PKG) and then
cAMP-dependent protein kinase (PKA) results in increased phosphorylation of an
unknown 29-kDa protein and increased CBF (137, 200). PKA activation is a final
common mediator for several signal transduction pathways that result in increased CBF,
including adrenergic agonists (101, 147, 200). After a transient increase following brief
exposure to alcohol, CBF returns to baseline despite the continued presence or addition
of alcohol (37, 167).
In contrast, sustained alcohol exposure activates protein phosphatase 1 (PP1)
preventing PKA activation and stimulation of CBF by β-adrenergic agonists (136, 137).
Specifically, we recently identified that PP1 cysteine 155 (PP1C155) is oxidized in bovine
airway axonemes after alcohol exposure, which correlated with the desensitization of
isolated axoneme CBF to cAMP. Importantly, oxidation of PP1, and CBF desensitization
can be reversed by ascorbate, an antioxidant relatively selective for S-nitrosation (76).
The objective of the current study is to investigate the potential for alcohol to drive Snitrosation in vivo and precisely define the role of PP1 to regulate stimulated CBF under
oxidizing conditions such as alcohol exposure. We hypothesized that alcohol exposure
drives an increase in PP1 activity by S-nitrosation of PP1C155 resulting in desensitization
of CBF. We report that alcohol drinking increases bronchoalveolar S-nitrosothiol (SNO)
content and PP1 activity in WT mice that is not apparent in NOS3-/- mice. Furthermore,
our results suggest that direct S-nitrosation of PP1 increases enzymatic activity and that
oxidation of cysteine 155 is a key component in the alcohol-driven desensitization of
CBF stimulation.
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METHODS
Mouse model of alcohol drinking
All experiments were reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Nebraska Medical Center. Female
C57BL/6 mice, chosen based on previously published reports of AICD (161), purchased
from Charles Rive Laboratories (Wilmington, MA) were acclimated to the animal facility
at the University of Nebraska Medical Center and given water or 20% ethyl alcohol to
drink as previously described (161). In brief, mice were given increasing concentrations
of ethanol in water over a 1-week period until the target concentration of 20% was
reached. Mice in the alcohol group were given 5% alcohol (w/v) to drink ad libitum (95%
ethanol diluted with Milli-Q water) for 2 days, 10% ethanol (w/v) for 2 days, 15% ethanol
(w/v) for 3 days, and 20% ethanol (w/v) for 6 weeks. Saccharin (0.1 – 0.5% w/v) was
added to the water in all groups. Mice in the matched control group were given water
from the same source without ethanol. Additionally, female NOS3-/- and WT littermate
control C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were given alcohol or
water to drink as described above.
Determination of S-nitrosothiols in bronchoalveolar lavage fluid
At the end of the treatment period, each mouse was sequentially sacrificed by
isoflurane (Medline Industries; Northfield, IL) followed immediately by whole lung lavage
with 1.0 mL sterile normal saline. Mice and fluids were handled out of direct sunlight in a
low-lit room. 100 µl of the fluid was centrifuged at 1000 x g for 5 minutes and the
supernatant added to 900 µl 10X solution of 5.0 mM EDTA, 1.0 mM DPTA, 0.1 mM
neocuproine in a black tube, immediately frozen in liquid nitrogen and stored at -80 °C
for up to 3 months. SNO content was determined by combination of the Griess assay
with and without incubation of the sample with mercury chloride (HgCl2) as previously
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described using a modification of the Cayman Nitrate/Nitrite Colorimetric Assay Kit
(Cayman Chemical; Ann Arbor, MI) (136). SNO content was determined by subtracting
the amount of nitrite in a sample incubated in the absence of HgCl2 from the same
sample incubated in the presence of HgCl2 and normalized to the protein content of the
sample determined by the Bradford Assay. Samples with proteins below the range of
detection were excluded from the analysis.
Activation of axonemes and measurement of ciliary beat frequency
To activate axoneme ciliary beat frequency, 20 µl of this experimental mixture
was then added to a half-volume 96-well plate to a solution of ATP (2.5 mM final
concentration) and a 1:5 final concentration of activation buffer (20 mM Tris
hydrochloride, 400 mM potassium acetate, 6 mM magnesium sulfate, 5 mM
ethylenediamenetetracetic acid, 1.0 mM DTT) with (stimulated CBF) or without
(baseline) cAMP (10 µM final concentration) and mixed by pipetting. 10 µl of this solution
was then placed in one chamber of a Bio-rad Dual-chamber cell counting slide and
placed on a temperature controlled microscope stage set to 25 °C and CBF recorded
with Sisson Ammons Video Analysis for 10 minutes.
Isolation of bovine axonemes
No live animals were used for the collection of bovine axonemes. Excess tissue
from a local abattoir was received under agreement and approval from the U.S.
Department of Agriculture for use in this study. Axonemes were isolated from ciliated
epithelium of bovine tracheae as previously described (200).
Ex vivo mouse tracheal ring culture
Tracheal rings from C57BL/6 mice obtained from Jackson Labs were cut and
cultured as previously described (137). At least 12 tracheal rings were cut from each
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mouse and each ring was randomized to a treatment group within the same experiment.
The tracheal rings were treated with 100 mM alcohol for 10 days as previously described
(137). For GSNO experiments, tracheal rings were cultured in media alone for 9 days
and 20 h followed by 4 h treatment with or without GSNO concentrations as indicated in
Figure 4C. For procaterol (Sigma, St. Louis, MO) treatment, a concentrated stock was
added to the incubation medium for a final concentration 10 nM.
Airway epithelial cultures at air-liquid interface
Tracheal epithelial cells from C57BL/6 mice obtained from Jackson Labs were
collected and cultured at air-liquid interface as previously described (137). After 14-21
days at ALI, a baseline CBF reading was taken and then cells were immediately treated
with varying concentrations of S-nitrosoglutathione (0, 1, 10, or 100 µM; Enzo Life
Sciences, Farmingdale, NY) by diluting a concentrated stock of GSNO to the basal
medium and then adding 25 µl basal medium to the apical surface and placing back in
the incubator. Primary, normal human bronchial epithelial cells (NHBEs) were isolated
from de-identified human lungs that were not suitable for transplantation. We accepted
lungs from the International Institute for the Advancement of Medicine (IIAM) and the
Nebraska Organ Retrieval System (NORS). We excluded donors with a history of any
lung disease, current smoking, ≥ 20 pack-year history of smoking, and heavy alcohol
use. The protocol was approved by IIAM and NORS ethics committees and the
University of Nebraska Medical Center Institutional Review Board.
Airway epithelial cells were isolated using a method previously described (6, 46).
Briefly, the large airways were dissected out and protease (Sigma Aldrich, St. Louis,
MO) digested. After 36–48 hours, the airway lumens were scraped and the resulting
cells were plated on collagen-coated tissue culture plates in Bronchial Epithelial Growth
Medium (BEGM) (Lonza, Basel, Switzerland).
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Site directed mutagenesis and generation of lentiviral constructs
Recombinant lentiviral plasmids were constructed using the
pRRL156.FOXJ1.MCS vector (130, 155) a gift from Dr. Matthias Salathe and Dr. Nevis
Friegen at the University of Miami Miller School of Medicine. For the initial construct, a
gene encoding PP1α fused to GFP (parent plasmid; pEGFP(C1)-PP1alpha; Plasmid
#44224: Addgene, Cambridge, MA) was cloned into the multiple cloning site with XbaI
and Mlu1 at the 5’ and 3’ end, respectively, downstream of a foxj1 promoter to generate
pRRL156.FOXJ1.EGFP-PP1α (PP1WT). Cysteine 155 to alanine PP1α mutants
(PP1C155A) were generated using overlap extension PCR with the following forward and
reverse primers, respectively: TTCACTGACGCCTTCAACTGCC and
GGCAGTTGAAGGCGTCAGTGAAG, to generate pRRL156.FOXJ1.EGFP-PP1α.C155A
(PP1C155A). These constructs were confirmed by sequencing. Lentiviruses from these
constructs were prepared by the University of Iowa Gene Transfer Vector Core.
Lentiviral transduction of cultured human airway epithelial cells
Undifferentiated human airway epithelial cells were infected with PP1WT and
PP1C155A lentiviruses based on previously described methods (9). In brief,
undifferentiated primary human airway epithelial cells (2nd passage) were seeded onto
collagen-coated T-col filters (0.4 µm; Corning, Corning, NY) at 2 x 105 cells per cm2 in
BEGM containing either virus at MOI = 4 (5x105 / TU) and 2 µg/ml polybrene (final
concentration) and incubated overnight in 37°C in 5% CO2. The following day, virus was
discarded and medium was changed to StemCell (Vancouver, Canada) Pneumacult ALI
medium in the apical and basal compartments and medium changed every 2 days.
When confluent, the apical medium was removed and the cells were maintained in
culture until significantly ciliated (3-4 weeks).
Isolation and experimental treatment of axonemes from hBEC ALI
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Immediately following ethanol treatment, axonemes were isolated from cultured
hBEC ALI using modifications (see Supplementary Methods) using previously
established methods (128). Axonemes were then diluted to approximately 100-120
motile points per field after addition of activation reagents and then frozen for storage at
-80 °C until needed. For motility assays, ATP and activation buffers were added as
above with or without the substitution of one part cAMP (10 µM final concentration in
resuspension buffer) substituted for resuspension buffer.
Biotin Switch for Detection of S-nitrosation
Protein nitrosation was determined by a modification of the biotin switch as
described by Jaffrey et al. using the Cayman Chemical S-nitrosated Protein Detection kit
(Cayman Chemical; Ann Arbor, MI) to label and detect SNO bonds as per
manufacturer’s instructions (76). Biotinylated and input samples were then detected by
Western blot as previously described with antibodies for PP1α (anti-mouse; 7482; Santa
Cruz Biotechnology; Dallas, TX) (136), or imaged by immunofluorescence microscopy
with co-staining of acetylated α-tubulin (anti-rabbit; 6-11-B1; Santa Cruz Biotechnology;
Dallas, TX).
Ciliary Beat Frequency analysis
CBF was determined using Sisson Ammons Video Analysis (SAVA) as
previously described (168).

Phosphatase activity assays
Phosphatase activity was determined as previously described using the Ser/Thr
Phosphatase Assay Kit 1 (KR-pT-IRR; EMD Millipore; Billerica, MA) (137). Purified
recombinant PP1 (New England Biolabs, Ipswich, MA), isolated axonemes from bovine
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tracheae or human airway epithelial cells, or tracheal ring lysates were prepared
according to the manufacturer’s protocol and treated as indicated prior to adding the KR-pT-I-R-R peptide. Once the peptide was added the reaction was incubated for 10 min
at room temperature and stopped with Malachite Green.
Protein kinase activity assays
Kinase activity measurement was performed in a manner as previously described
(200). Primary hBEC ALI were prepared by removing apical and basal medium after
experimental conditions, adding 250 µl cell lysis buffer and then flash freezing. Samples
were thawed and scraped into centrifuge tubes and kept on ice. The cell containing
supernatant was sonicated and centrifuged at 10,000 g at 4°C for 30 min. PKA activity
was then measured from the extracted cell or tissue sample. For analysis of isolated
bovine or human axoneme PKA activity, axonemes were harvested immediately
following experimental conditions and protein content equilibrated (0.3 mg / mL) with
axoneme resuspension buffer. Kinase was measured in the presence or absence of
10 µM cAMP by a modification of the methods previously described (137) using a
reaction mix consisting of 130 mM PKA heptapeptide substrate in a buffer containing
20 mM Tris–HCl (pH 7.5), 100 µM IBMX, 20 mM magnesium-acetate, and 200 µM
[γ−32P] ATP.

Statistical Analysis
Each experiment was performed at least three times and data are expressed as
mean ± SEM. Significance was determined by ANOVA or Student’s t test. All statistical
analyses were performed by GraphPad Prism software (GraphPad Software, San Diego,
CA).
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RESULTS
S-nitrosoglutathione drives protein phosphatase 1-dependent cilia dysfunction in
bovine axonemes.
We hypothesized that SNO donors activate PP1. To determine if PP1 activity
was directly modified by redox state, we measured the activity of purified recombinant
human PP1 or PP1 activity in isolated bovine axonemes after direct 10 minute
incubation with the SNO donor, S-nitrosoglutathione (GSNO). PP1 activity was
enhanced up to two-fold in a dose responsive manner to micromolar concentrations of
GSNO both in purified PP1 and bovine axonemes (Figure 4.1-B). We next sought to
determine the redox specificity of PP1 activation by GSNO. Incubation with ascorbate
(Asc), an antioxidant that shows specificity for reduction of S-nitrosothiols, returned
GSNO-driven bovine axoneme PP1 activity back to baseline. Importantly, reduced
glutathione (GSH) and oxidized glutathione (GSSG) equivalents did not result in PP1
activation, indicating the necessity of a nitrogen oxide in GSNO-mediated PP1
activation. Incubation with inhibitor-2 (I-2), a highly selective recombinant PP1 inhibitor,
completely inhibited phosphatase activity (Figure 4.1C). These data indicate that PP1
activity is enhanced by S-nitrosation upon incubation with GSNO.
To identify the role S-nitrosation plays in regulating ciliary motility, we measured
CBF in a bovine ATP-reactivated isolated ciliary motility system. We hypothesized that
GSNO activation of PP1 inhibits cAMP-dependent stimulation of CBF. To test this
hypothesis, we incubated bovine axonemes with ± GSNO (at time of reactivation) and ±
I-2 (5 minute pre-incubation). GSNO (100 µM) alone did not change baseline CBF
(Figure 4.1D). After assessing baseline CBF, we then determined ciliary responsiveness
by adding cAMP at time of reactivation to activate PKA. Cyclic AMP-dependent
increases in CBF and PKA activity were blocked by pre-incubation of bovine axonemes
with 100 µM GSNO (Figure 4.1D-F). Importantly, both CBF and PKA activity were
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restored by incubation with the PP1 inhibitor, I-2. These data indicate that GSNOinduced CBF desensitization is specifically driven by activation of PP1.
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Figure 4.1 GSNO drives PP1 activity to block cAMP-responsiveness in bovine
axonemes.
A) S-nitrosoglutathione (GSNO) dose-dependently (0-100 µM; 10 minutes) increases
recombinant human PP1 activity. a = p < 0.05 compared to 0 µM GSNO, n = 3. B)
GSNO (0-100 µM; 10 minutes) dose-dependently increases protein phosphatase activity
in isolated bovine axonemes. a = p < 0.01 compared to 0 µM GSNO, b = p < 0.05
compared to 100 uM GSNO. n = 3 axoneme preparations. C) GSNO activation of PP1 in
bovine axonemes is nitrosothiol-dependent. a = p <0.001 compared to media control, b
= p < 0.001 compared to media GSNO, c = p < 0.001 compared to Asc of same
condition. n = 3-4 axoneme preparations. D, E) GSNO (100 µM; at time of reactivation)
blocks cAMP-dependent CBF responsiveness, which is reversed by I-2. a = p < 0.0001
compared to media control; b = p < 0.005 compared to control GSNO. n = 5 axoneme
preparations. F) I-2 (2.0 nM; 5 minutes pre-GSNO) restores cAMP-dependent PKAresponsiveness to GSNO treated axonemes. a = p < 0.0001 compared to media control.
b = p < 0.01 compared to control GSNO. n = 5 axoneme preparations. rPP1 =
recombinant protein phosphatase 1, GSH = reduced glutathione, GSSG = oxidized
glutathione, Asc = ascorbate, I-2 = inhibitor 2.
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Alcohol drinking drives bronchoalveolar S-nitrosothiols and tracheal ring PP1
activity in mice.
We next sought to determine how alcohol drinking influenced SNO content and
PP1 activity in an animal drinking model. We hypothesized alcohol drinking would
increase both SNO content and PP1 activity after alcohol drinking in a NOS3-dependent
manner. To test this hypothesis, we fed WT and NOS3-/- C57BL/6 mice alcohol (20% by
volume in drinking water) for 6 weeks and measured SNO content in bronchoalveolar
lavage and PP1 activity in tracheal rings. Alcohol drinking increased bronchoalveolar
lavage (BAL) SNO content and PP1 activity in WT alcohol drinking mice compared to
WT mice that did not receive alcohol in their water (Figure 4.2A-B). Importantly, tracheal
ring PP1 activities and BAL SNO contents were not different in alcohol-drinking NOS3-/mice compared to NOS3-/- mice that did not drink alcohol (Figure 4.2C-D) indicating that
NOS3 plays an important role in the activation of PP1 by alcohol exposure.
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Figure 4.2 Alcohol drinking drives NOS3-dependent airway S-nitrosothiol
production and PP1 activity in mice.
A, B) Alcohol drinking (6 weeks x 20 % in drinking water) increases bronchoalveolar lavage
(BAL) S-nitrosothiol (SNO) (A) and tracheal ring PP1 activity (B) in WT mice. n = 8-12 per
group. C, D) Alcohol does not increase BAL SNO (C) nor PP1 activity (D) in NOS3-/- mice. n
= 4 per group BAL SNO and n = 5 per group PP1 activity. P-values are from Student’s t-test;
bars represent mean ± SEM.
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S-nitrosoglutathione recapitulates AICD in mouse airway epithelium.
Our next objective was to determine the role of alcohol-driven SNO on PP1
activity and CBF activity in samples from mice in vitro. We hypothesized that GSNO and
alcohol produce ciliary dysfunction in mouse tracheal airway epithelial cells. To test this
hypothesis, we treated tracheal rings from naïve WT mice for 10 days with 100 mM
alcohol or 4 hours with 100 µM GSNO and compared phosphatase activity and Snitrosation to control. Alcohol and GSNO exposure resulted in increased PP1 activity
and S-nitrosation in mouse tracheal rings (Figure 4.3A). Ex vivo treatment of tracheal
ring lysates with ascorbate returned PP1 activity to baseline in alcohol- or GSNOexposed tracheal rings (Figure 4.3A). Importantly, GSH did not stimulate phosphatase
activity and minimal phosphatase activity was detected when lysates were treated with I2 indicating specificity for nitrogen oxide and PP1, respectively (Figure 3A). Moreover,
GSNO and alcohol both increased S-nitrosation of PP1 as detected by the biotin switch
assay (Figure 4.3B). In alcohol-treated tracheal rings, SNO-labeling (avidin-fluorescein,
SNO; green) colocalized with cilia (acetylated tubulin, AcTub; pink). However, only a
small of amount of SNO detection was present on the apical surface of airway epithelial
cells that did not colocalize with cilia in control tracheal rings. We next assessed the
effects of GSNO on CBF. Baseline CBF was changed by GSNO and CBF
responsiveness dose-dependently decreased with increasing concentrations of GSNO
(Figure 4.3C). Interestingly, a low dose of GSNO (1 µM) stimulated CBF from baseline
(Figure 4.3D) compared to control-treated tracheal rings, consistent with previously
reported data (107). This stimulatory response did not persist at higher concentrations of
GSNO (10 – 1000 µM). We next assessed the role of GSNO in a cell culture model of
mouse tracheal epithelial cells (mTECs) cultured at air-liquid interface. GSNO exposure
had no effect on baseline CBF in mTECs at 4 hours. However, GSNO exposed mTECs
showed a dose-responsive decrease in responsiveness to 10 nm of the β-agonist
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procaterol, with complete loss of responsiveness at 100 µM GSNO (Figure 4.3E).
Additionally, GSNO dose dependently increased cilia-localized S-nitrosation (Figure
4.3F). In combination, these data demonstrate that cilia and cilia-localized PP1 are
sensitive to S-nitrosation and that alcohol can drive S-nitrosation in ciliated airway
epithelial cells.
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Figure 4.3 GSNO recapitulates AICD in mouse tracheal rings.
A) GSNO (4 h X 1 mM) and alcohol (EtOH; 100 mM X 10 days) increase PP1 activity in
mouse tracheal rings, which is reversed by ascorbate (10 m x 30 µM) . Data are
representative of the mean of 3-6 tracheal rings from 4 mice. a = p < 0.05 compared to
media control. b = p < 0.005 compared to EtOH. c = p < 0.05 compared to media within
group. d = p < 0.05 compared to Asc within group. B) GSNO and EtOH increase biotin
switch detection of PP1 in mouse tracheal rings. The absence of Asc is a negative
control for the biotin switch assay. C) In vitro EtOH increases cilia S-nitrosation in mouse
tracheal rings. Acetylated tubulin (AcTub) - pink; Avidin-fluorescein (SNO) - green D)
GSNO (4 h) blocks procaterol (1 h x 10 nM) stimulation in mouse tracheal rings. a = p <
0.0001 compared to baseline of the same condition. b = p < 0.001 compared to control
baseline. c = p < 0.01 compared to control stimulated. Data are representative of 3-4
tracheal rings from 4-5 mice per condition. E) GSNO (4 h) blocks procaterol stimulation
in cultured mouse tracheal epithelial cells. a = p < 0.001 compared to baseline of the
same condition. b = p < 0.001 compared to control stimulated. n = 13-24 cultures per
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group. F) GSNO (4 h) increases S-nitrosation in mouse tracheal epithelial cells. Looking
down on ALI culture. Avidin-fluorescein (SNO) – green.
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Human airway epithelial cell cilia motility is desensitized to β-agonist driven CBF
responsiveness by alcohol exposure.
We previously reported in a bovine isolated cilia model that alcohol drives Snitrosation of PP1 at cysteine 155 (PP1C155; Chapter 3). Moreover, PP1 contains a
putative redox regulatory domain that consists of cysteine 155 and cysteine 158 (40).
The sequence of PP1 is 99% conserved between humans, mice and cattle. We
hypothesized that mutagenesis of PP1C155 to alanine (PP1C155A) would prevent PP1
activation by alcohol exposure in airway epithelial cells. To test this hypothesis, we
generated HIV1 lentiviral constructs with the ciliated cell-specific transcription factor foxj1
harboring sequences for wild-type-PP1 (PP1WT) or PP1C155A fused with enhanced green
fluorescence protein (EGFP) and overexpressed these proteins in human ciliated airway
epithelial cells cultured at air-liquid interface. EGFP fluorescence was coincident with the
appearance of motile cilia between days 14 – 20 of air-liquid interface (Figure 4.4A). PP1
and EGFP expression localized primarily to the nucleus and to cilia, co-localized with
staining for PP1 (Figure 4.4B, Movie S1) and appeared at the predicted molecular
weight (~70 kDa) by electrophoresis (Figure 4.4C). The transduction efficiency was
nearly 100% in ciliated cells. Of note, overexpression of PP1C155A or PP1WT did not
change baseline CBF. After establishing these cultures and confirming PP1 expression,
we then treated control, PP1WT and PP1C155A transduced cells with 100 mM alcohol for
24 hours followed by treatment with procaterol for 1 hour. Baseline CBF was not
different between the groups after 24 hours of alcohol exposure . Control and PP1WT
alcohol-treated cells had a diminished response to the β-agonist procaterol compared to
cells receiving media alone (Figure 4.4D). However, cultures transduced with PP1C155A
demonstrated an increased CBF after 1 h procaterol compared to control and PP1WT
cultures exposed to alcohol (Figure 4.4D). Phosphatase activity was only slightly
elevated in non-transduced cultures after alcohol exposure compared to control (Figure
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4.4E). However, in PP1WT cultures, alcohol stimulated phosphatase activity
approximately 2-fold compared to control of the same PP1WT culture. Baseline
phosphatase activity in PP1C155A cultures was higher than non-transduced cells without
alcohol, but alcohol did not further increase phosphatase activity in PP1C155A cultures
(Figure 4.4E).
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Figure 4.4 Mutagenesis of PP1 cysteine 155 protects against AICD in cells.
A) Foxj1-driven PP1 expression is consistent with differentiation of human airway epithelial
cells. B) Left, Foxj1-driven PP1eGFP expression localizes to the nucleus and cilia in an
intact cell from a hBEC ALI culture. Right, PP1eGFP fluorescence persists in isolated
demembranated axonemes from an hBEC ALI culture. Bottom, PP1 and GFP colocalize. C)
Western blot for PP1α in control, PP1WT-EGFP and PP1C155A-EGFP. D) Change in CBF (Δ
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compared to no alcohol within same PP1 genotype. b = p < 0.05 compared to media ctrl.
Data are representative of mean CBF of 3 cultures with at least 6 CBF readings per
condition for at least 3 experiments. E) Phosphatase activity from whole cell lysates of
human airway epithelial cells treated as in D. a = p < 0.05 compared ctrl of same genotype.
b = p < 0.05 compared to no alcohol non-transduced control. c = p < 0.05 compared to WT
EtOH.
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Alcohol-driven PP1 activation persists in isolated axonemes from cultured human
airway epithelial cells.
Since immunofluorescence revealed PP1WT and PP1C155A expression to be
distributed in multiple locations throughout the cell, we sought to determine if Snitrosated PP1 regulated cilia motility at the level of the axoneme or was based on an
intact cell-dependent process. We hypothesized that axonemes isolated from human
airway epithelial cells treated with alcohol would retain a desensitized phenotype
(blunted PKA and CBF responses to cAMP). To test this hypothesis we measured
phosphatase activity in isolated axonemes from cells transduced with or without PP1WT
or PP1C155A and treated with or without alcohol (100 mM x 24 h). Alcohol treatment
stimulated phosphatase activity and PP1 S-nitrosation in PP1WT cultures, but not in
PP1C155A expressing cultures (Figure 4.5A). Additionally alcohol stimulated S-nitrosation
of PP1WT cultures compared to the no alcohol controls (Figure 4.5B). Importantly,
mutagenesis of PP1C155A completely abrogated detection of alcohol-driven S-nitrosation
by the biotin switch technique (Figure 4.5B). These data support that the primary site of
S-nitrosation of PP1 is C155.
All of the necessary machinery for ciliary bending is localized to the axoneme
(200). Upon isolation, axonemes can be reactivated with exogenous ATP to reinitiate
beating. Additionally, PKA is localized to the axoneme and exogenous cAMP stimulates
isolated axoneme motility (101, 200). We previously established that the phenomenon of
AICD (PKA and CBF desensitization) persists at the level of the isolated axoneme (136).
Since PP1 is present in isolated axonemes (Figure 4.5B), we next sought to understand
if mutagenesis of PP1 was sufficient to restore PKA and CBF responsiveness in isolated
axonemes. We hypothesized that PP1C155A prevents PP1 activation and CBF
desensitization by alcohol. To test this hypothesis, we performed isolated axoneme
motility experiments from axonemes isolated from PP1WT- and PP1C155A-expressing
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human bronchial epithelial cell (hBEC) cultures treated with or without alcohol (100 mM x
24 h). Isolated axonemes from untreated PP1WT and PP1C155A cultures maintained a
similar baseline CBF after reactivation with ATP (Figure 4.5C). We next stimulated
axonemes from control or alcohol treated PP1WT or PP1C155A cultures with cAMP. Cyclic
AMP (at time of reactivation) stimulated CBF comparably in PP1WT and PP1C155A cultures
that did not receive alcohol treatment (Figure 4.5C-D). This cAMP stimulation was
abolished in axonemes extracted from PP1WT-expressing cultures that were treated with
alcohol. Importantly, axonemes from PP1C155A alcohol-treated cells retained
responsiveness to cAMP (Figure 4.5C-D). Additionally, we measured PKA activity
directly. In PP1WT axonemes extracted from alcohol-treated cells, PKA responsiveness
to cAMP was blunted compared to axonemes extracted from control-treated cells (Figure
4.5E). PP1C155A mutagenesis prevented this PKA desensitization (Figure 4.5E).
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Figure 4.5 Mutagenesis of PP1 cysteine 155 reverses AICD in isolated axonemes
from human airway epithelial cells.
A) Alcohol (24 h X 100 mM) does not increase phosphatase activity in axonemes
expressing C155A mutant PP1. a = p < 0.05 compared to media of same genotype; b =
p < 0.05 compared to Ctrl EtOH or WT EtOH; n = 6-7. B) C155A mutagenesis prevents
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for the biotin switch assay. C) Representative motility of isolated axoneme motility for 10
minutes following addition of ATP. Left, Axonemes isolated from hBECs expressing
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C155A

PP1 . Right, Axonemes isolated from hBECs expressing PP1
. D) C155A
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DISCUSSION
It is well established that alcohol abuse is an independent risk factor for the
development of costly and difficult to manage pneumonias (164). Indirect evidence, such
as the depletion of key antioxidants, indicates the generation and imbalance of reactive
oxygen species in alcohol-associated lung injury (109, 134, 209). Here we have
identified that alcohol drinking in a mouse model increases SNO content in the airways.
Moreover, using several approaches, we identified PP1 as a downstream effector of
increased S-nitrosation driven by alcohol. Our data demonstrate that a highly conserved
cysteine (cysteine 155) mediates oxidant-induced activation of PP1. These data
corroborate previous in silico studies identifying cysteine 155 and 158 as existing in a
thioredoxin-like tertiary structure (40). Additionally, these data provide definitive evidence
that PP1 localizes to the axoneme and is a key factor in AICD.
The metabolism of ethanol drives the consumption of NAD+, an important cofactor for
maintaining a reducing environment within the cell (209). Additionally, high doses of
ethanol increase NO and production of ethyl nitrite, a potent S-nitrosating agent (33).
Indeed, we have previously identified that alcohol exposure drives increased SNO
content of bovine airway axonemes and alcohol-driven S-nitrosation correlates with
activation of PP1 (136). These data are further corroborated by our finding that alcoholdrinking results in increased BAL SNO content compared to controls. Importantly, this
increase is not apparent in NOS3-/- mice drinking alcohol (Figure 4.2C), implicating the
clear role of NO production and NOS3 in the nitrosation-dependent pathway. In addition
to these data, previous data demonstrated that concomitant feeding of antioxidants and
alcohol prevents AICD (161). These data, in combination, suggest a nitroso-redox
mechanism for AICD mediated by PP1.
In addition to our work, Sommer et al. demonstrated a substantial increase in
purified PP1 activity after incubation with a xanthine oxidase oxidant-generating system
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(170). This effect seemed to be mediated by H2O2 since catalase prevented PP1
activation and superoxide dismutase did not (170), indicating PP1 activation by
oxidation. Our data suggest that the PP1 catalytic subunit can be directly activated by
GSNO (Figure 4.1A). In line with this, the tertiary structure of PP1 contains a putative
redox active site consisting of cysteine 155 and 158 (40). When we expressed a
PP1C155A mutant, alcohol no longer stimulated PP1 activity or resulted in desensitization
of β-agonist stimulated CBF (Figure 4.4D) at the in tact cellular and isolated axoneme
levels (Figure 4.5C). Interestingly, overexpression of PP1 alone was not sufficient to
cause cilia desensitization. This suggests that the activation of PP1 by alcohol-exposure
is driven by a post-translational modification, or alters disulfide bridging with a regulatory
protein.
Our study is limited by the use of animal models and in vitro cell culture systems.
If and how alcohol consumption drives SNO production in living humans has yet to be
determined. Another limitation to extending our findings toward a treatment strategy is
that PP1 is a ubiquitous enzyme necessary for the many cellular functions beyond
regulation of CBF including apoptosis and cell division (29). Thus, direct targeting of PP1
is likely an inefficient strategy to rescue AICD clinically. Additionally targeting SNOs may
prove equally challenging due to off-target effects.
Our finding that alcohol drives SNOs may have implication beyond CBF and
mucociliary clearance. Mice that are deficient in the primary enzyme to metabolize
SNOs, S-nitrosoglutathione reductase (GSNOR), demonstrate increases in two diseases
clinically correlated associated with alcohol abuse, Klebsiella pneumonia and
hepatocellular carcinoma (HCC). In a mouse model of pneumonia, after inoculation with
Klebsiella pneumoniae, Tang et al. observed a 4-fold increase in lung bacterial burden,
an over 1,000-fold increase in blood burden and had a 40% mortality rate compared to
wild-type mice that had a 0% mortality rate (177). Data reported by Wei et al.
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demonstrated that GSNOR-/- mice developed spontaneous HCC 10 times more
frequently than wild-type controls (195). In addition, in a small study of 24 patients with
HCC, GSNOR was found to be ~50% less in cancerous liver tissue compared to
noncancerous tissue from the same donor (195). In the context of our data, S-nitrosation
is strongly implicated as an important target in the study of alcohol tissue injury.
Clinical trials aimed at increasing airway S-nitrosothiols, by inhibiting Snitrosoglutathione reductase (GSNOR), are underway to enhance surface expression of
cystic fibrosis transmembrane conductance regulator as treatment for cystic fibrosis. In
vitro data suggest that exogenous GSNO enhances Cl- currents, an in vitro readout that
generally correlates well to a clinical improvement (212). Despite these exciting findings
with GSNOR inhibitors, clinical trials for these drugs have failed to meet efficacy goals. It
is possible that GSNOR inhibitors promote PP1 activation and cilia desensitization,
negating the beneficial effects on mucus hydration. Future studies should examine the
role of GSNOR inhibitors on CBF.
In summary, we have demonstrated that alcohol drinking drives airway Snitrosation. Cysteine 155 is critical for the activation of PP1 in the context of SNO donors
and prolonged alcohol exposure, which occurs in bovine isolated axonemes, mouse
tracheal tissue and cultured cells, cultured primary human airway epithelial cells and
isolated human axonemes. Activation by S-nitrosation of PP1 prevents PKA activation
and stimulation of CBF. Importantly, these data highlight S-nitrosation as a key
component of PP1 activation and cilia desensitization at the organelle level.
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CHAPTER 5 – DISCUSSION
MAJOR FINDINGS OF DISSERTATION
The major findings of the Dissertation are as follows:
1. Prolonged alcohol exposure activates axoneme-localized serine threonine
phosphatase PP1 and inhibition of PP1 completely prevents and reverses AICD
(Chapter 2).
2. Alcohol drives a robust increase in axoneme S-nitrosation, including S-nitrosation
of PP1 (Chapter 3).
3. S-nitrosation of cysteine 155 of PP1 is a critical component for the alcoholmediated activation of PP1 and subsequent CBF desensitization (Chapter 4).

In addition to our major findings we have provided evidence supporting previous
observations (147, 152) that PKA phosphorylates a ~29 kDa substrate coincident with
the increase in cAMP/PKA mediated CBF (Chapter 2). We have also demonstrated that
isolated human axonemes are capable of increasing CBF in response to cAMP (Figure
4.5).
Taken together, these findings indicate that prolonged alcohol exposure drives nitric
oxide-mediated interruption of the normal stimulatory response of airway epithelial cells
to β2 adrenergic stimulation. Figure 5.1 presents an overview of the major findings and a
proposed mechanism of alcohol driven nitric oxide-dependent PP1 activation and CBF
desensitization.
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Figure 5.1 Proposed redox mechanism for AICD
Prolonged alcohol exposure results in reactive nitrogen species (RNS) generated by
NOS3. Protein phosphatase 1 (PP1) is activated by alcohol-driven RNS via S-nitrosation
of cysteine 155. PP1 activation results in the desensitization of protein kinase A (PKA)
and subsequent increases in ciliary beat frequency (CBF) to cAMP stimulation.
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Specific Aim I: Determine the response of axoneme-localized serine/threonine
phosphatases to alcohol.
The important role of the dual kinase signaling pathway (200) in the activation of
isolated axonemes obviates an investigation of opposing phosphatases. Indeed,
previous studies in prokaryotic organisms have revealed key roles for phosphatases in
regulating axoneme motility (91, 92). PP1 and PP2A have been localized to distinct
regions of the axoneme; in the central pair apparatus (56, 207). To complement this, our
eGFP-tagged PP1 expression driven by foxj1 indicates axonemal localization of PP1 in
humans. In regard to alcohol exposure, we found only a role for PP1, after performing
experiments additionally targeted at other serine/threonine phosphatases including
PP2A, PP2B and PP2C (Chapter 2). Interestingly, inhibition of PP1 by inhibitor-2 did not
alter CBF under homeostatic conditions. We chose not to attempt manipulation of PP1
by genetic means due to the lack of means to target cilia-localized PP1 directly and due
to previously published reports that PP1 knockdown is lethal (29). Additionally, we did
not detect changes in the protein expression of PP1, suggesting post-translational
activation, nor did we detect any phosphorylation changes (threonine 320 is an inhibitory
phosphorylation (110)) of PP1 when assessed in isolated axonemes extracted from
alcohol-exposed bovine tracheae (data not shown).
Inhibition of PP1 changed phosphorylation of two key targets that migrated at 41
kDa and 29 kDa by electrophoresis. The phosphorylation of the 41 kDa target appeared
upon inhibition of PP1 in naïve axonemes, suggesting that the phosphorylation of this
target is unaffected by alcohol. The precise identity of this target is unknown, however, it
is of note that PKA migrates at 41-kDa and is subject to regulation by threonine
phosphorylation. The 29 kDa protein is a target of PKA. Phosphorylation of the 29 kDa
target occurred only in the presence of cAMP. Inhibition of PP1 did not result in
phosphorylation of the 29 kDa target in the absence of cAMP. Alcohol exposure blocked
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cAMP-induced phosphorylation of the 29 kDa protein. Importantly, inhibition of PP1
restored cAMP-induced phosphorylation of the 29 kDa protein suggesting that PP1
activation by alcohol is working on or upstream of PKA. Thus, PP1 is likely
dephosphorylating a target to result in inactivation of PKA and subsequent ciliary
desensitization to cAMP.

Specific Aim II: Evaluate the capacity of alcohol to drive axoneme S-nitrosation.
Alcohol stimulates a robust NOS-dependent increase in NO production in isolated cilia,
which is necessary for the rapid transient stimulation of CBF (165). This knowledge, in
combination with previous data demonstrating that antioxidants or alcohol cessation
prevented or reversed AICD, respectively, indicated AICD was driven by a reversible
redox process. This led to exploratory mass spectrometry experiments to characterize
the reversible NO-dependent redox modification, S-nitrosation, in axonemes exposed to
alcohol and demonstrating an AICD phenotype. We found that axonemes isolated form
alcohol-exposed trachea demonstrated an increase in S-nitrosothiol content (Figure
3.1A) and identified increased S-nitrosation of 243 proteins including PP1 (Figure 3.1C).
These data corroborate previous data demonstrating a biologic effect of alcohol to drive
S-nitrosation (33, 145). S-nitrosothiol increases by alcohol are likely a direct
consequence of increased •NO production driven by alcohol. Moreover, as previously
described, •NO reacts with ethanol under acidic conditions to produce ethyl nitrite, a very
potent S-nitrosating agent could result in direct S-nitrosation of PP1 (114). Based on
experiments in which alcohol failed to produce an increase in BAL S-nitrosothiol content
or PP1 activity in NOS3-/- mice (Figure 4.2), the mechanism by which alcohol drives Snitrosation seems to depend on NOS3. Considering S-nitrosation is sensitive to a variety
of changes of biologic redox potential, there are several pathways, which may be
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affected by alcohol exposure to promote S-nitrosation. A likely mechanism of Snitrosothiol perturbation by alcohol exposure is the depletion of NAD. Both alcohol
dehydrogenase (ADH) and GSNOR require NAD as a cofactor (111). In the presence of
alcohol, ADH activity could be outcompeting NAD needed for GSNOR-mediated Snitrosothiol reduction. To test this hypothesis, further experiments with exogenously
added NAD could be performed. Another hypothesis is related to the alcohol-mediated
depletion of glutathione in the airways (109, 209) Glutathione serves as an •NO acceptor
to form S-nitrosoglutathione (GSNO) for transnitrosation, and is ultimately is metabolized
by GSNOR (63). Moreover, GSH depletion could lead to depletion of thioredoxin or
thioredoxin reductase, which can directly accept NO from S-nitrosated proteins.
Additionally, endogenous S-nitrosothiols are cleaved by ascorbate. Alcohol could lead to
altered ascorbate metabolism resulting in loss of an endogenous mechanism of SNO
degradation. Indeed, 30 day administration of 9 g / kg of ethanol in guinea pigs resulted
in decreased tissue levels of ascorbic acid (175) and exogenous supplementation of
ascorbic acid to alcohol drinking rats has been shown to enhance SOD and catalase
activities (176).

Specific Aim III: Elucidate the signaling function of alcohol-driven S-nitrosation of
PP1 to contribute to AICD.
Previous data indicate that PP1 is subject to oxidant regulation. In combination
with our finding in Objective II, that alcohol drove S-nitrosation of PP1, we studied the
specific role of nitrosation to enhance PP1 activity. The finding that the S-nitrosothiol
donor, GSNO, stimulated PP1 activity strongly suggests that oxidation of PP1 is due to a
direct effect on the enzyme. While the results presented are not the first to identify a
redox-mediated stimulation of PP1 activity (Sommer et al. demonstrated H2O2 stimulated
PP1 activity (170)), we have observed novel activation of PP1 by GSNO and by alcohol
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exposure. Additionally, we found that mutagenesis of PP1 cysteine 155 prevented
activation of PP1 by alcohol exposure in human airway epithelial cells. While our data
demonstrate the role for S-nitrosothiols to activate PP1, we did not perform experiments
testing the role of other oxidants such as H2O2. Thus redox activation of PP1 in the
context of alcohol exposure may not be limited to S-nitrosation. However, in the context
of the findings of Objective II, NOS3 activity is necessary for alcohol-mediated activation
of PP1 in alcohol drinking mice.

PERSPECTIVE
The two primary findings of this research are that 1) alcohol drives S-nitrosation
and 2) that PP1 can be regulated (activated) by redox mechanisms both by direct
incubation with GSNO and in airway epithelial cells exposed to alcohol. Beyond the
specific role of alcohol-induced ciliary dysfunction, these two findings have implications
outside of cilia function and in other systems where PP1 and S-nitrosation are important.
Recently initiated in clinical trials for cystic fibrosis (CF) and asthma are agents
that aim to increase S-nitrosation, either by direct addition of GSNO as a SNO donor or
by inhibition of glutathione S-nitrosothiol reductase (GSNOR; also known as ADH5 or
alcohol dehydrogenase class 3) (14). GSNOR-/- mice demonstrate increased
susceptibility to Klebsiella pneumonia when infected intranasally. Mice lacking GSNOR
demonstrate globally high levels of S-nitrosation as GSNOR is the principle enzyme for
S-nitrosothiol metabolism (111). It is speculated that the susceptibility of GSNOR-/- mice
to Klebsiella infection is likely due to a lack of cell-mediated immune function because
GSNOR-/- mice are defective in lymphocyte development (208). However, the role of
defective mucociliary clearance in this study was not evaluated and cannot be ruled out.
Indeed 3-19 fold increases Klebsiella CFU were grown from the lungs of these mice 48
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hours after intranasal infection suggesting a defect in bacterial clearance. Interestingly,
Klebsiella pneumonia and septicemia has long been known to be overrepresented in the
AUD populations (47). As Klebsiella is typically found as a commensal oral dwelling
organism in most people, a prevailing theory of increased pneumonias among AUDs due
to Klebsiella is related to an increase in aspiration due to an association of diminished
gag reflex with alcohol abuse (187). However, more recent evidence has suggests that
alcohol can act as an airway epithelial cell immunosuppressant. Klebsiella demonstrated
2.5 fold enhanced growth when cultured with HBECs pretreated with 50 mM alcohol for
24 hours and then exposed to 5 × 107 CFU Klebsiella (140).
Another interesting shared phenotype between AUDs and GSNOR-/- mice is the
occurrence of hepatocellular carcinoma (HCC). GSNOR-/- mice are very sensitive to
carcinogen-induced HCC and develop spontaneous HCC at a rate approximately 6-fold
greater than WT littermates (~30% of GSNOR-/- mice develop HCC tumors) (195). AUDs
are at increased risk of HCC (180). Indeed it is well reported that alcohol drives increase
in iNOS expression and subsequent NO production and loss of iNOS results in
resistance to HCC development in animal models (178). Despite these findings, the role
of S-nitrosation as a mechanism of carcinogenesis in alcohol-associated HCC is
understudied.

LIMITATIONS
One limitation of our study is the method of analyzing CBF from alcohol-fed
animals. Excision of tracheal rings prior to analysis of CBF presents a potential
confounder. Trauma-induced artifact could blunt or accentuate the in vivo physiology of
alcohol-exposed cilia. Indeed, it is well established that physical manipulation of ciliated
cells can alter CBF (34, 108, 125). Despite this, our data were collected in a manner
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where any excision artifact would be present under all conditions. Additionally, we
performed experiments using in vitro cell and tissue models in the absence of trauma
that recapitulated our in vivo findings. We did not determine how our studies contribute
to pneumoniae per se. While cilia function is a key determinant of pulmonary host
defense, PP1 activity and SNO should be studied in broader mouse models of
pneumonia by inoculating alcohol-fed mice with bacteria and measuring clearance,
histology determination of pneumonia and mortality.
In contrast, mouse nasal epithelial cells cultured at air-liquid interface exposed to
alcohol showed a dose-dependent (54.4 mM, 108.8 mM, 217.6 mM) increased in CBF at
40 minutes but did so in the presence of 1.0 mM L-NAME, suggesting this alcohol–
driven increase in CBF was independent of NO production (27). The difference in NOdependence of alcohol-stimulation of CBF in the data reported from these mouse nasal
epithelial cells could be due to several factors. Nasal epithelial cells may be intrinsically
different in their NO-dependence of CBF stimulation compared to tracheal or bronchial
airway epithelial cells. Indeed the environment surrounding nasal epithelial cells is vastly
different than that of those within the tracheobronchial. In opposition to the notion that


NO may not be necessary for CBF stimulation are several reports of the NO-dependent

stimulation of CBF by purinergic or adrenergic stimuli in nasal epithelial cells (79, 105).
We were unable to reproduce the ciliary dysfunction component of AICD in a 6-week
alcohol-drinking model. In previous experiments, mice were given 20% alcohol in their
drinking water or water alone, in combination (or not) with the antioxidants N-acetyl-lcysteine or procysteine (NAC/Pro). The animals that received alcohol alone
demonstrated CBF and PKA desensitization compared to water drinking controls. Mice
that received NAC/Pro in combination with alcohol were protected from CBF or kinase
desensitization. In our more recent 6-week alcohol drinking experiments, both baseline
and stimulated CBF were similar in tracheal rings from water- or alcohol-drinking
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animals. CBF-responsiveness was intact with following our experiments with 6-week
alcohol drinking (Figure A.1). Despite, the lack of CBF-desensitization, 6-week alcohol
drinking stimulated PP1 activity and BAL S-nitrosothiols content in trachea and airways
of animals drinking alcohol for 6-weeks compared to water-drinking controls (Figure 4.2).
These data, in combination, to some extent, unlink the relationship of PP1 activation, Snitrosothiol content and CBF-desensitization. Despite the inability to reproduce AICD in a
6-week alcohol-drinking model in mice in vivo, PP1 activity, S-nitrosation and CBF
desensitization were tightly linked in multiple in vitro models of AICD including an
isolated bovine and human axoneme models, a mouse tracheal tissue model and human
and mouse primary ciliated airway epithelial cell models. One of the primary differences
between the in vivo model chosen of alcohol drinking ad libitum and the in vitro models
is the ability to precisely control the dose of alcohol. Indeed, blood alcohol
concentrations (BAC) of our alcohol-drinking mice varied widely (undetectable to 54.2
mM) with a mean of 8.4 mM, standard deviation of 13.62 mM and were approximately
one-third of the BAC reported in a previous study examining AICD using this model.
Thus, the alcohol levels needed in these more recent studies to cause AICD may have
never reached threshold. One way to test this hypothesis would be to use intraperitoneal
injections (I.P.) or oral gavage to reach a target BAC (>60 mM). This method has been
reported to increase serum S-nitrosothiol content (33) and doses of 5 g / kg I.P. ethanol
have been reported to decrease S. pneumoniae clearance from the lungs of mice (185).
Indeed, our preliminary data indicate that CBF becomes desensitized to procaterol 24 h
following a single 3 g / kg I.P. injection of alcohol and this dose produces an increase in
BAL S-nitrosothiol content (A.2B). This model is more clinically relevant as it is estimated
that one in six adults in the United States engage in binge alcohol drinking (32). The
combined data and differences in AICD between the chronic model with low BAC and
the single high dose model suggest a threshold of a single alcohol exposure to cause
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AICD and that increased PP1 activity and BAL S-nitrosothiols appear prior to cilia
desensitization. Additionally, these data suggest that chronic low level alcohol
consumption does not result in AICD.

FUTURE STUDIES
Cilia-localized phosphatases and oxidants, as ultimate regulators of dynein activation
and CBF, are implicated as therapeutic targets in AICD. Key understanding of the
generation of oxidants and activation of phosphatases will direct targeted therapies. Key
questions that still remain include:
1) “What is the precise source and oxidant species generated to cause AICD?” As
described above, associated with generation of oxidants is the depletion of NOS
substrates (L-arginine, BH4 and NAPDH). Airway-localized cilia are amenable to unique
therapy and can be directly targeted by inhaled aerosols. Supplementation of L-Arginine
or BH4 in diet or directly by aerosol may improve NOS coupling, restore canonical NO
generation and mitigate oxidant stress. Indeed, there are several aerosolized varieties
of antioxidants, such as ascorbate (vitamin C) and acetylcysteine (Mucomyst®);
however, there are currently no prescribed therapies for AICD and inhaled antioxidants
for other mucociliary disorders (cystic fibrosis) have largely failed clinically (74-76). Preclinical data suggest these failures are due to imprecision of targeting the specific
oxidant species and localization. This highlights the importance of understanding the
precise molecular perturbation in AICD.
2) “What are the kinase and phosphatase targets in AICD?” The recent, preclinical
discovery that PP1 inhibition rescues AICD suggests that phosphatase inhibitors may
play a key role in future therapies of AICD. Unfortunately, PP1 is a ubiquitous enzyme
expressed in multiple cellular compartments and necessary for viability of cells. Studies
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of okadaic acid and tautomycin, polyketide inhibitors of PP1 and PP2A, produced as
toxins from shellfish and sea sponges, have revealed the necessity of local and specific
phosphatase inhibition as these compounds are fatal in microgram quantities (77, 78).
Despite this, many phosphatase inhibitors have been developed as cancer therapeutics,
but only recently have small molecule PP1-specific inhibitors been discovered (79).
Additionally, the airway provides a unique opportunity to administer drugs. Nebulization
provides a platform to delivery drugs directly to the airway bypassing the need for the
drug to enter systemic circulation directly. The toxicity profiles of nebulized PP1
inhibitors may provide a safe approach to deliver a rescue treatment for AICD. An
alternative, yet more abstract approach, would be to disrupt PP1 targeting to the
axoneme, PP1- dynein interactions, or phosphorylation targets. Work in
Chlamydomonas has revealed phosphorylation of DC1 in the AICD pathway (60).
Moreover, it is clear that PP1 inhibition restores phosphorylation of the p29 target of PKA
coincident with increased dynein activity in mammalian cilia (31). The precise
relationship of PP1 in restoring PKA activity and how PKA activates dynein in the context
of alcohol is unresolved. Interestingly, PKA is known to be under control by
phosphorylation. Indeed PKA migrates at ~41-kDa which was an observed
phosphoprotein in the presence of the PP1 inhibitor I-2 (Figure 2.6). Specifically,
dephosphorylation of PKA threonine 197 (PKA197) inhibits cAMP stimulation of PKA
activity (69-71). However, PKA197 dephosphorylation is enhanced after oxidation of PKA
cysteine 199 (PKA199) (69-71). Thus, a potentially complex but integrative relationship of
oxidation, phosphorylation status and activation of PKA exists. If PKA197 is the target of
PP1, the necessity of PKA199 to be oxidized prior to PKA197 dephosphorylation would
explain why overexpression of PP1WT did not cause PKA desensitization and ciliary
dysfunction. To test the hypothesis that PKA197 is the key dephosphorylation target of
PP1 in the context of alcohol, PKA phosphorylation status should be measured in
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axonemes demonstrating AICD compared to naïve cAMP-responsive axonemes.
Additional tests of this hypothesis included PKA197 phosphorylation status in combination
with PP1 inhibition and alcohol, and or PP1 mutagenesis. Understanding the precise role
for these phosphorylation events to regulate dynein activity will guide therapeutic
approaches for AICD.

CONCLUSION
In summary, alcohol has distinct effects on dynein activity and CBF. Brief alcohol
exposure stimulates dynein activity and CBF through a nitric oxide-dependent pathway
in mammalian cells. In contrast, prolonged alcohol exposure drives oxidant production to
disrupt key phosphorylation events preventing stimulation of dynein and CBF above
baseline. Finally, this alcohol-mediated dynein dysfunction seems to be evolutionarily
conserved based on studies in bovine, murine and protist models and is tightly
associated with impaired mucociliary clearance and subsequent pulmonary infections in
humans that drink heavily.
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Appendix A – Studies of Ciliary Beat Frequency in Mouse Models of Alcoholinduced Ciliary Dysfunction
INTRODUCTION
Alcohol drinking has a well-established negative impact on the prevalence and
outcome of pneumoniae. In vitro and in vivo human and models of alcohol exposure
have demonstrated that a key contribution of the pneumonia burden with alcohol is
defective mucociliary clearance. Previous animal drinking models have identified that
chronic alcohol drinking results in defective ciliary motility resulting from desensitization
of protein kinase A and subsequent inability to increase ciliary beat frequency upon
stimulation (202, 203).
The data presented in Appendix A are intended as supplementary to Chapter 4
specifically Figure 4.2.
.

METHODS
6-week alcohol drinking model
The 6-week alcohol-drinking model was performed exactly as described in
Chapter 3.
Binge alcohol model
For the binge alcohol model, 20% alcohol (3 g / kg) diluted in 0.9% sterile saline
was given by intraperitoneal injection (I.P.). At 1, 6 or 24 hours post injection the animal
was sacrificed by cervical dislocation and a timer started. The trachea was then quickly
dissected and a single tracheal ring taken directly above the carina was placed in 500 µl
DMEM and CBF readings started at 10 minutes post sacrifice.
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Measurement of Ciliary Beat Frequency
For 6-week alcohol feeding models ciliary beat frequency was measured as
previously described (161). In brief, following experimental conditions, the animals were
anesthetized with isoflurane and a tracheal ring quickly dissected and placed in 500 µl
DMEM. The tracheal ring was then placed in a 37 °C 5% CO2 incubator for 1 h. The
tracheal ring was removed from the incubator, allowed to cool for 10 minutes and then
baseline CBF was recorded from 6 microscope fields. After the baseline recordings, a
final concentration of 10 nM procaterol was added to the medium and the tracheal ring
returned to the incubator. After 50 minutes the tracheal ring was removed from the
incubator, allowed to cool for 10 minutes and a stimulated CBF readings were recorded.
Final baseline and stimulated readings are reported as the average (of all animals) of the
mean CBF reading for each of 6 readings per tracheal ring.

RESULTS
Baseline and stimulated ciliary beat frequency in 6-week alcohol drinking models
Previous studies reported that 6-weeks of 20% alcohol in drinking water results in
CBF-desensitization to procaterol in C57BL/6 mice. We sought to reproduce these data.
We hypothesized that NOS3 is necessary for AICD. To test this hypothesis we gave WT
and NOS3-/- mice ± 20% alcohol as in Chapter 4 for 6-weeks. We then measured
baseline and procaterol stimulated CBF. WT and NOS3-/- baseline CBF were not
different (Figure A.1A). Interestingly, baseline CBF was trending increased in both WT
and NOS3-/- mice that received alcohol compared to non-drinking controls (Figure A.1A;
WT vs. WT EtOH, 9.8 Hz ± 1.0 Hz vs. 12.8 Hz ± 0.8 Hz, respectively, P = 0.35 and
NOS3-/- vs. NOS3-/- EtOH, 9.6 ± 0.9 Hz vs. 12.6 Hz ± 1.2 Hz, respectively, P = 0.25;
one-way ANOVA). Procaterol-stimulated CBF was not different between any of the
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groups, but do to the increase in baseline in the alcohol-drinking groups the change in
CBF (Δ CBF) trended toward a decrease in both WT and NOS3-/- alcohol-drinking
groups compared to the respective genotype water-drinking controls (Figure A.1A-B).
Thus, while the Δ CBF was less in alcohol-drinking groups, the maximum CBF after
stimulation was similar and the animals did not demonstrate AICD. Because we were
unable to reproduce the AICD phenotype in female C57BL/6 WT or NOS3-/- mice, we
sought to test whether we could produce the AICD in male mice. To test this hypothesis,
we administered ± 20% alcohol in the drinking water of WT male and female C57BL/6
mice for 6 weeks and measure CBF as performed with WT and NOS3-/- female mice.
Baseline CBF was not different between male or female water-drinking controls (Figure
A.1C). Surprisingly, baseline CBF trended toward increasing in the female mice drinking
alcohol compared to water controls and not in the males (Figure A.1C; male vs. male
EtOH, 10.5 Hz ± 0.5 Hz vs. 10.74 Hz ± 0.6 Hz, respectively and female vs. female EtOH,
11.6 ± 0.4 Hz vs. 13.1 Hz ± 0.8 Hz, respectively, P = 0.26; one-way ANOVA). Neither
procaterol-stimulated CBF nor Δ CBF were different between the groups (Figure A.1D).
Thus, neither male nor female mice exhibited AICD after 6-weeks of alcohol drinking
compared to water-drinking controls. After review of blood alcohol concentrations from
these mice (data not shown; 8.4 mM ± 13.6 mM S.D. for all mice), we found they were
approximately 3.5 fold lower than BAC in previous studies in which mice developed
AICD.
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Figure A.1 Baseline and stimulated CBF after 6-weeks ± alcohol drinking.
A) Baseline and stimulated ciliary beat frequency in wild-type (WT) and NOS3-/- mice
after 6-weeks drinking ± 20% EtOH. a = p < 0.05 compared to baseline of same
genotype and alcohol status. n = 4-5 per group. B) Change in CBF from baseline (Δ
CBF) after procaterol from (A). C) Baseline and stimulated ciliary beat frequency in male
and female animals after 6-weeks drinking ± 20% EtOH. a = p < 0.05 compared to
baseline of same genotype and alcohol status. n = 5 per group. D) Change in CBF from
baseline (Δ CBF) after procaterol from (C).
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Intraperitoneal injections of 3 g / kg cause CBF desensitization and increase BAL
S-nitrosothiol content
Since tracheal rings from mice that were given 20% alcohol to drink ad libitum for
6 weeks did not display CBF-desensitization to procaterol we next sought to test another
model of alcohol administration. Previous literature suggests doses of alcohol from 3-5
mg / kg decrease Streptococcus Pneumoniae clearance from the lungs of mice
compared to saline injected controls. We hypothesized that a controlled dose of alcohol
via intraperitoneal (I.P) injection (3 g / kg) produces alcohol-induced ciliary dysfunction
and further hypothesized that I.P. alcohol increases bronchoalveolar S-nitrosothiol
content. To test these hypotheses, we injected 3 g / kg 20% alcohol or saline and
measured tracheal ring CBF-responsiveness to procaterol 24 after injection. Tracheal
ring baseline CBF between alcohol and saline injected animals was not different (Figure
A.2A). Importantly, procaterol stimulation of CBF was blunted in alcohol-injected animals
compared to controls. Although, CBF in tracheal rings from saline-injected controls and
alcohol-injected mice was stimulated above baseline, this stimulation was statistically
significantly less in the tracheal rings from the alcohol-injected mice compared to
controls. In addition to CBF, we measured bronchoalveolar lavage (BAL) S-nitrosothiol
content. Similar to 6-week alcohol drinking (Figure 4.2A), I.P. injection of alcohol
increased BAL S-nitrosothiol content compared to controls (Figure A.2B). In
combination, these data suggest that alcohol-induced ciliary dysfunction correlates with
BAL S-nitrosothiol production.
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Figure A.2 Baseline and procaterol stimulated tracheal ring CBF and BAL Snitrosothiol content in mice 24 following 3 g / kg intraperitoneal alcohol.
A) Intraperitoneal (I.P.) injection of 3 g / kg alcohol causes CBF desensitization in
tracheal rings. Baseline CBF was assessed immediately following tracheal ring
dissection and procaterol was added at the time indicated by the dotted line. Lines
represent the average CBF of continuous readings of single tracheal rings of 6 animals
per group. Error bars represent S.E.M. B) I.P. alcohol increases bronchoalveolar (BAL)
S-nitrosothiol (SNO) content. n = 10-11 per group.
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DISCUSSION
We were unable to produce AICD in a chronic ad libitum model of alcohol
drinking, perhaps due to variation of alcohol ingestion. However, when alcohol was given
by a single I.P. injection, ciliary responsiveness to procaterol was blunted compared to
controls without any change in baseline CBF. Additionally, a single I.P. injection of
alcohol increased BAL S-nitrosothiol content compared to control. These data, in
combination, suggest that a threshold BAC is necessary for the ciliary dysfunction to
occur with prolonged alcohol exposure.
We previously identified that a dose of 100 mM alcohol in vitro results in PKAand CBF-responsiveness to β-agonists (procaterol) or cyclic nucleotides (cAMP) (200,
202, 203, 205). In vitro, this CBF and PKA desensitization is linked to the activation of
protein phosphatase 1 (PP1) by oxidation at cysteine 155 (Chapters 2-4). In Chapter 4
we identified that alcohol drinking is linked to NOS3-dependent increased PP1 activity
and increased BAL S-nitrosothiol content in an ad libitum alcohol-drinking model in mice.
Here we found that tracheal rings from these mice demonstrated baseline and
stimulated CBFs comparable to control, suggesting the lack of ciliary dysfunction and
that these characteristics were preserved in male and female WT mice and in NOS3-/mice. These alcohol-drinking mice had low BACs after 6-weeks of alcohol drinking
compared to previous studies (161).
These data are limited by the route of alcohol administration, which caused
AICD. We speculate that mice which drank alcohol for 6-weeks did not drink heavily, but
an increased alcohol metabolism could also explain the low BACs. I.P. administration of
alcohol bypasses first-pass metabolism of the liver and could alter the effects of alcohol
on the airways. The clinically important route of exposure is by drinking. However, mice
are notoriously “poor” alcohol-drinkers and did not drink enough alcohol to develop
BACs consistent with AICD.
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Our data indicating that a single high dose of I.P. alcohol can cause AICD and
drive S-nitrosothiol production warrants further investigation. Future studies should be
aimed at determining the threshold dose of alcohol necessary to cause AICD and if
multiple intermittent doses cause AICD. Additional studies with administering alcohol via
gavage will provide insight as to the contribution of first-pass metabolism by the liver
toward AICD.
In combination, these data provide evidence that a high dose of alcohol is
necessary to develop AICD. Since PP1 activity and increased BAL S-nitrosothiols were
present in chronic alcohol-drinking animals with low BACs that did not develop AICD,
increased S-nitrosothiol content may serve as a risk factor for AICD and subsequent
pneumonia. Additionally, these data suggest that a single binge episode of alcohol may
impair mucociliary clearance and implicate binge drinking as a potential risk factor for
pneumonia.
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